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ABSTRACT
Detailed EPR studies of Fe3 + - Fe3 + pairs in corundum are 
described. Anisotropic and isotropic exchange parameters were 
determined for the two on axis pairs, while for the off axis pairs, 
only a preliminary analysis was performed. These two types of pairs 
were distinguished by spinning the sample about the triad axis.
A method is developed for distinguishing transitions from pairs 
which have the same symmetry and so can not be distinguished on 
symmetry grounds. This involved measuring the variation of the 
intensity of each of the transitions with temperature, dividing the 
intensities and plotting In (ratio of the intensities) against 
(1/T) . For transitions from different pairs, these plots will be 
curves, while for transitions from the same pair, straight lines will 
result. From the slope of the straight line, the separation between 
the sub-levels, from which the transitions originated, could be 
calculated. These results, used in conjunction with In of the 
intensity (relative to a Zeeman corrected single ion line) vs (1/T) 
curves, and intensity-temperature curves gave assignments of the on 
axis transitions to spin states of each of the first nearest neighbour 
pair (n.n.l) and first next nearest neighbour pair (n.n.n.l) 
pairs. Thus the isotropic exchange parameters were calculated for the 
first nearest neighbour, and the first next nearest neighbour, which 
had ferromagnetic coupling of the spins. The first nearest neighbour 
had antiferromagnetic coupling of the spins. The anisotropic exchange 
constants for the spin states of the two pairs , from which 
transitions were observed, were calculated and found to be different 
for the ferromagnetic and antiferromagnetic pairs. It was through
(v)
t h e s e  p a r a m e t e r s  t h a t  t h e  a n t i f e r r o m a g n e t i c  p a i r  was i d e n t i f i e d  as  
t h e  f i r s t  n e a r e s t  n e i g h b o u r  p a i r  and t h e  f e r r o m a g n e t i c  p a i r  a s  t h e  
f i r s t  n e x t  n e a r e s t  n e i g h b o u r  p a i r .
CHAPTER 1
The effects of pair interactions on the EPR and optical spectra 
of magnetically dilute systems are described along with the para­
meters which can be obtained by studies of these systems. The 
results of work on exchange coupled pair systems are discussed and 
reasons for the choice of Fe3+ in corundum as the system studied 
are given. The chapter concludes with an outline of the plan adopted 
for the rest of the thesis.
21.1 Pair Interactions
P a ra m a g n e t ic  atoms a r e  c o n v e n ie n t l y  s t u d i e d  in  d ia m a g n e t i c  
m a t r i c e s .  Two im p u r i ty  atoms may o c c u r  in  l a t t i c e  s i t e s  s u f f i c i e n t l y  
c lo s e  t o  i n t e r a c t  and so form a p a i r .  The p r o b a b i l i t y  o f  f i n d i n g  
such  p a i r s  i n  a d i a m a g n e t i c  m a t r ix  i n c r e a s e s  as t h e  c o n c e n t r a t i o n  o f  
im p u r i ty  atoms i n c r e a s e s .  At h ig h  c o n c e n t r a t i o n s  o f  im p u r i ty  a to m s ,  
t h e  number o f  p a i r s  i s  s u f f i c i e n t l y  g r e a t  f o r  p a i r  e f f e c t s  t o  be 
d e t e c t e d .  In m a g n e t i c a l l y  d i l u t e  s y s te m s ,  m i c r o s c o p i c a l l y  r e a l i s t i c  
H a m il to n ia n s  can be w r i t t e n  down s i n c e  c o - o p e r a t i v e  e f f e c t s  p r e s e n t  
in  p u re  m a g n e t ic  sy s te m s  can be ig n o re d .
C oup ling  be tw een  t h e  atoms o f  t h e  p a i r  i s  v i a  exch an g e .  For 
t r a n s i t i o n  m e ta l  i o n s ,  t h i s  i n v o lv e s  t h e  i n t e r a c t i o n  o f  o u t e r  d 
e l e c t r o n s .  The i n t e r a c t i o n  i s  o f  two t y p e s ;  d i r e c t  o v e r l a p  o f  t h e  
d o r b i t a l s  o f  t h e  two atoms ( c a t i o n - c a t i o n  e xchange )  and i n t e r a c t i o n  
o f  t h e  d e l e c t r o n s  o f  t h e  two m a g n e t ic  c a t i o n s  v i a  an i n t e r v e n i n g  
n o n -m a g n e t ic  a n i o n ( c a t i o n - a n i o n - c a t i o n  exchange  o r  su p e re x c h a n g e )  
(Goodenough 1 9 6 0 ) .  The s t r e n g t h  o f  c a t i o n - c a t i o n  exchange  d e c r e a s e s  
w i th  i n c r e a s i n g  d i s t a n c e  be tw een  th e  c a t i o n s .  C a t i o n - a n i o n - c a t i o n  
exchange v a r i e s  in  m agn itude  w i th  t h e  c a t i o n - a n i o n - c a t i o n  a n g le  ( a )  
and i s  o p t im is e d  when a  = 180° . Two o r  more a n io n s  may be  i n v o lv e d  
in  t h i s  i n t e r a c t i o n ,  b u t  in  t h e s e  c a s e s ,  t h e  s t r e n g t h  o f  t h e  i n t e r ­
a c t i o n  has  d e c r e a s e d  c o n s i d e r a b l y  (Goodenough 1 9 6 3 ) .
Exchange c o u p le d  io n s  have  been  s t u d i e d  as  i s o l a t e d  p a i r s  i n  a 
d ia m a g n e t ic  h o s t  a s  w e l l  a s  in  p u re  c l u s t e r  com plexes .  S t u d ie s  on 
th e  l a t t e r  c l a s s  o f  compounds began  w i th  t h e  work o f  B leaney  and 
Bowers (1952) on c o p p e r  a c e t a t e  and have s in c e  been  e x te n d e d  t o  o t h e r  
d im e r ic  com plexes  as  w e l l  as  t r i m e r i c  ones (Kokoszka and Gordon, 
1 9 6 9 ) .  A lthough  t h e  t r e a t m e n t  o f  p a i r  i n t e r a c t i o n s  i s  th e  same in
3both cases, the emphasis in this thesis is on isolated pairs in 
diamagnetic matrices where isolated ions are present as well as 
pairs.
In the optical and EPR spectra of dilute materials, there will 
be a number of low intensity lines visible in addition to those of 
the isolated ion. These lines are due to exchange coupled pairs of 
atoms and their intensies will be proportional to the probability of 
finding such a pair in the lattice. Coupling constants describing 
the interaction between the atoms forming pairs vary widely, from a 
few tenths of cm. -1 to hundreds of cm.- (Kokoszka and Gordon, 
1969). As the temperature of the sample is varied, the population in 
each of the pair spin states varies. Since the separation between 
the spin states is related to the exchange constants, experiments 
over a range of temperatures allow the exchange constants to be 
determined. This method is used in optical (Ferguson and Fielding 
1972, van der Ziel 1971, Krebs and Maisch 1971) as well as EPR 
experiments (Owen 1961, Harris 1972). Isotropic exchange constants 
only can be calculated from optical experiments while from EPR 
results, both isotropic and anisotropic exchange parameters can be 
calculated. At relatively large values of the isotropic exchange 
constants the EPR line positions are determined by the anisotropic 
exchange parameters (dipole-dipole and crystal field effects) while 
the intensities of the transitions are determined by the isotropic 
exchange parameters. This is the method which has been used to 
calculate the exchange parameters for the pair systems Cr3+ in 
a - AI2 O3 (Berggren et al 1969), Mn?+ in MgO (Harris 1972) and 
Mn2+ in KZnF3 (Krebs 1969) as well as many other systems. If the 
isotropic exchange parameters are small (< 1 cm.-1) , then the
4p o s i t i o n s  o f  t h e  EPR t r a n s i t i o n s  w i l l  be d e te rm in e d  by b o th  i s o t r o p i c  
and a n i s o t r o p i c  exchange  p a r a m e te r s  a s  EPR t r a n s i t i o n s  a r e  th e n  
p o s s i b l e  be tw een  d i f f e r e n t  S ( t o t a l  s p in  quantum number) s t a t e s  
( F ig u r e  1 . 1 ) .  I s o t r o p i c  exchange  p a ra m e te r s  d e te rm in e d  in  t h i s  way 
a r e  more a c c u r a t e  t h e n  th o s e  d e te rm in e d  from i n t e n s i t y  d a t a .
H u tc h in g s  e t  a l  (1968) u se d  t h i s  method t o  d e te rm in e  th e  exchange 
p a r a m e te r s  f o r  Gd3+ p a i r s  in  L aC l3 , and found  exchange c o n s t a n t s  
o f  0 .01330  and -0 .0 6 0 2  cm-1 f o r  t h e  d i f f e r e n t  p a i r s .
The i s o t r o p i c  exchange  i n t e r a c t i o n  can most o f t e n  be d e s c r i b e d  
in  te rm s  o f  j u s t  one p a ra m e te r  J  ( S e c t i o n  3 . 2 . 1 )  b u t  f o r  Mn2 + 
p a i r s  in  MgO , H a r r i s  and Owen (1963) found  t h a t  t h e  s e p a r a t i o n s  
be tw een  t h e  S l e v e l s  were n o t  d e s c r i b e d  by J  a lo n e  and a n o th e r  
te rm  -j(_S^.S_.]2 ( S e c t i o n  3 . 2 . 1 )  was r e q u i r e d  in  t h e  H a m il to n ia n .
T h is  t e r m ,  b i q u a d r a t i c  e x c h a n g e ,  d i s t u r b s  t h e  r e g u l a r  s p a c in g  
e x p e c te d  be tw een  t h e  S l e v e l s  due t o  J  a lo n e .  The m agn itude  o f  
j  r e q u i r e d  by t h e  e x p e r im e n ta l  r e s u l t s  was ^5% o f  J  which was 
c o n s i d e r a b l y  l a r g e r  th a n  t h a t  p r e d i c t e d  by A nderson (1963) i f  t h i s  
a r o s e  due t o  s u p e re x c h a n g e .  H a r r i s  (1972) r e c e n t l y  p ro p o se d  t h a t  th e  
s p a c in g  o b s e rv e d  be tw een  th e  S l e v e l s  o f  Mn2+ p a i r s  /MgO may 
a r i s e  from e f f e c t s  o f  exchange s t r i c t i o n  and showed t h a t  in  c e r t a i n  
c a s e s  t h i s  would r e d u c e  t o  an e f f e c t i v e  b i q u a d r a t i c  exchange te rm .
M agnetic  s u s c e p t i b i l i t y  h a s  a l s o  been u se d  t o  d e te rm in e  exchange 
p a r a m e te r s  and can be  a p p l i e d  t o  b o th  m a g n e t i c a l l y  d i l u t e  and 
c o n c e n t r a t e d  s y s te m s .  L ess  w id e ly  u sed  m ethods i n c lu d e  NMR and 
m easurem ent o f  s p e c i f i c  h e a t  (Kokoszka and Gordon, 1969) .
The exchange c o n s t a n t s  m easu red  f o r  t h e  d i l u t e  sy s tem s  a r e  in  
g e n e r a l  s i m i l a r  t o  t h o s e  f o r  t h e  p u re  m ag n e t ic  m a t e r i a l .  The 
com parison  h a s  been  made by H a r r i s  (1972) f o r  Mn2+/Mg0 and CaO
5F ig u re  1 .1 .  The p o s i t i o n s  o f  EPR t r a n s i t i o n s  f o r  two exchange
coup led  io n s ,  w ith  (a )  J  l a r g e  and (b) J  s m a l l ,  
j compared w ith  th e  s p l i t t i n g s  o f  th e  s p in  s u b - l e v e l s  in
ze ro  f i e l d .
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6compared w i th  t h e  p u re  m a g n e t ic  m a t e r i a l  MnO , and f o r  t h e
C r 3 + / a - A l 203 a^d C r203 s y s te m s .  The s t r u c t u r e  o f  ot -  AI2O3 i s
t r i g o n a l  and c o n t a i n s  l a y e r s  o f  a n io n s  and c a t i o n s  p e r p e n d i c u l a r  t o
t h e  t r i a d  a x i s .  The p l a n e s  o f  c a t i o n s  a r e  p u c k e re d  due t o  th e
r e p u l s i o n  b e tw een  th e  m e ta l  atoms and as a r e s u l t  t h e r e  a r e  f o u r
p o s s i b l e  n e a r e s t  n e ig h b o u r  p a i r s  as  w e l l  as a number o f  n e x t  n e a r e s t
n e ig h b o u r  p a i r s  ( S e c t i o n  2 . 2 ) .  For  p a i r s  o f  C r 3+/ a -Al203 , th e
exchange p a r a m e te r s  d e te rm in e d  by a l a r g e  number o f  w o rk e rs  from b o th
o p t i c a l  and EPR e x p e r im e n ts  a r e  sum m arised in  T a b le  2 .6  and a r e
compared w i th  t h e  p a r a m e te r s  d e te rm in e d  f o r  ( ^ 0 3  by i n e l a s t i c
n e u t r o n  s c a t t e r i n g  e x p e r im e n ts  (Sam uelsen  e t  a l  1970 ) .  N eu tron
s c a t t e r i n g  e x p e r im e n ts  can be used  f o r  p u re  m a g n e t ic  m a t e r i l s  o n ly
and t h e  s i z e  o f  t h e  m a g n e t ic  u n i t  c e l l  and o r i e n t a t i o n  o f  t h e  s p in s
i s  d e te rm in e d  d i r e c t l y  from t h e s e  e x p e r im e n ts  w h i le  exchange c o n s t a n t s
can be c a l c u l a t e d  in  f a v o u r a b le  c i r c u m s ta n c e s  o n ly .  Brockhouse  ( 1 9 5 3 )
d e te rm in e d  t h e  o r i e n t a t i o n  o f  s p i n s  f o r  C r20 3 and Sam uelsen e t  a l
( 1 970 ) d e te rm in e d  t h e  exchange c o n s t a n t s .  The r e s u l t s  f o r  C r203
and C r3+/ a - A l 203 form a c o n s i s t e n t  p i c t u r e  and t h e  m agn itude  and
s ig n  o f  t h e  f i r s t  f o u r  i n t e r a c t i o n s  a r e  w e l l  c h a r a c t e r i s e d .  However,
th e  a  -  Fe203 and F e 3+/ a - A l 203 sy s te m s  a r e  n o t  a s  w e l l
c h a r a c t e r i s e d  and as  a  -  Fe2Ü3 and 0 ^ 0 3  have  th e  same c r y s t a l  
' '
s t r u c t u r e ,  a com parison  o f  t h e  d i f f e r e n c e s  in  t h e i r  exchange 
p a ra m e te r s  would p ro d u ce  a g r e a t e r  u n d e r s t a n d in g  o f  t h e  mechanisms o f  
exch an g e .  The r e l a t i v e  d i r e c t i o n s  o f  t h e  s p i n s  in  th e  m ag n e t ic  u n i t  
c e l l  o f  a  -  Fe2Ü3 were d e te rm in e d  by S h u l l  e t  al  ( 1 9 5 1 ) w h i le  
Samuelsen and S h i ra n e  ( 1 9 7 0 ) d e te rm in e d  th e  exchange  c o n s t a n t s  (T a b le  
2 . 6 ) .  They found t h a t  t h e  exchange c o n s t a n t s  f o r  t h e  f i r s t  two 
n e ig h b o u r s  were s m a l l  w h i le  t h o s e  f o r  t h e  n e x t  two n e a r e s t  n e ig h b o u r s  
were t h e  dom inan t i n t e r a c t i o n s  i n  t h e  sy s te m . A l l  i n t e r a c t i o n s
7beyond t h e  f o u r t h  n e ig h b o u r  were s m a l l .  The d i l u t e  sys tem  
F e 3+/ a - A l 20 3 h a s  r e c e i v e d  l i t t l e  a t t e n t i o n .  Krebs and M aisch (1971) 
s t u d i e d  t h e  p a i r  e f f e c t s  in  t h e  o p t i c a l  s p e c tru m  b u t  d id  n o t  
c a l c u l a t e  exchange c o n s t a n t s .  F e rguson  and F i e l d i n g  (1972) c a l c u l a t e d  
t h e  exchange  c o n s t a n t s  f o r  t h e  f o u r t h  n e a r e s t  n e ig h b o u r  t o  be 21 t o  
28 cm .“ 1 from a s tu d y  o f  t h e  o p t i c a l  s p e c t ru m . T h is  i s  i n  ag reem en t  
w i th  t h e  r e s u l t s  f o r  06 -  Fe2.0 3 w h i le  t h e  EPR r e s u l t s  f o r  t h e  f i r s t  
n e a r e s t  n e ig h b o u r  m easu red  by G a r i f u l l i n a  e t  oil ( 1 9 7 0 ) ,  who fi.nd J i  
t o  be 250 (50 )  cm .“ 1 , a r e  in  c o n f l i c t .
The F e 3+/ot-Al20 3 sy s tem  was t h a t  chosen  f o r  t h e  s tu d y  d e s c r i b e d  
in  t h i s  t h e s i s .  S y n t h e t i c  c r y s t a l s  were p r e f e r r e d  t o  n a t u r a l  ones  as 
t h e  n a t u r e  and amounts o f  i m p u r i t i e s  p r e s e n t  c o u ld  be c o n t r o l l e d .
The h ig h  s p in  F e 3 + was a s u i t a b l e  sy s tem  t o  s tu d y  t o  d e te r m in e  i f  
b i q u a d r a t i c  exchange  was i m p o r ta n t .  A l a r g e  number o f  p a i r  l e v e l s  
(6 )  r e s u l t  and so a l a r g e  number o f  s e p a r a t i o n s  be tw een  s p i n  s t a t e s  
c o u ld  be d e te rm in e d  and any t r e n d  n o t i c e d .  P a i r  e f f e c t s  i n  t h i s  
sy s tem  a r e  a s s o c i a t e d  w i th  t h e  c o lo u r s  o f  t h e  c r y s t a l s .  For  exam p le ,  
F e 3+ -  F e 3+ p a i r s  g iv e  r i s e  t o  y e l lo w  c r y s t a l s  (F e rg u so n  and 
F i e l d i n g  1 9 7 2 ) .
1.2 Errors and logarithms
The s t a n d a r d  d e v i a t i o n  m easu red  f o r  a  p a r a m e t e r ,  o b t a i n e d  in  
t h i s  w ork , i s  g iv en  in  p a r e n t h e s i s  a f t e r  t h e  q u a n t i t y  t o  w hich i t  
r e f e r s .  A l l  l o g a r i t h m s  u se d  a r e  N a p ie r i a n  l o g a r i th m s  which a r e
a b b r e v i a t e d  t o  In  .
81.3 PI an of the thesis
The t h e s i s  b e g in s  by d e s c r i b i n g  t h e  c r y s t a l  s t r u c t u r e  o f  t h e  
isom orphous AI2O3 and Fe20 3 sy s tem s  and th e n  th e  m ag n e t ic  
s t r u c t u r e  o f  Fe20 3 . In  C h a p te r  3 t h e  e f f e c t i v e  s p in  H a m il to n ia n  
ad o p te d  f o r  t h e  exchange  c o u p le d  p a i r s  i s  d e v e lo p e d  and t h e  e f f e c t s  
o f  t h e  v a r i o u s  te rm s  g iv e n ,  Next f o l lo w s  t h e  e f f e c t  o f  t e m p e r a tu r e  
on th e  i n t e n s i t y  o f  t h e  EPR s i g n a l s  and how t h i s  can be u se d  t o  
d i s t i n g u i s h  t r a n s i t i o n s  from  d i f f e r e n t  p a i r s  a s  w e l l  a s  e n a b l in g  
c a l c u l a t i o n  o f  i s o t r o p i c  exchange  c o n s t a n t s .  C h a p te r  5 g iv e s  
d e t a i l s  o f  t h e  a p p a r a tu s  and c r y s t a l s  u se d  in  t h e  e x p e r im e n ts  and t h e  
r e s u l t s  o f  t h e  s tu d y  o f  t e m p e r a t u r e  dependence  on p o s i t i o n s  and 
i n t e n s i t i e s  o f  t h e  t r a n s i t i o n s  i s  g iv e n  in  th e  f o l l o w in g  c h a p t e r .
The e f f e c t  o f  c o n c e n t r a t i o n  was a l s o  s t u d i e d .  P r e l i m i n a r y  a n a l y s i s  
o f  t h e  r e s u l t s  i s  t h e  s u b j e c t  o f  C h a p te r  7 ; th e  a s s ig n m e n t  o f  th e  
t r a n s i t i o n s  t o  d i f f e r e n t  p a i r s  and t h e o r e t i c a l  c a l c u l a t i o n s  o f  t h e  
a n i s o t r o p i c  exchange  p a r a m e te r s  a r e  d e a l t  w i th .  In  C h a p te r  8 t h e  
t r a n s i t i o n s  from t h e  d i f f e r e n t  p a i r s  were a s s i g n e d  t o  s p in  s t a t e s  and 
th e  i s o t r o p i c  exchange  c o n s t a n t s  c a l c u l a t e d .  For t h e  two on axis 
p a i r s ,  t h e  a n i s o t r o p i c  exchange  p a ra m e te r s  were c a l c u l a t e d  a l s o .
C h a p te r  9 sum m arises  t h e  c o n c lu s io n s  drawn from t h e  s tu d y
u n d e r ta k e n .
9CHAPTER 2
CRYSTAL AND MAGNETIC STRUCTURES
Magnetic interactions are outlined generally and3 to enable 
discussion of the magnetic interactions occurring in hematite 3 the 
crystal structures of the isomorphous systems corundum and hematite 
are given in detail. Geometries of the various pair interactions 
studied in the dilute system Fe3l7Al203 one outlined. At the 
concentrations of magnetic ions which are large enough to produce an 
observable concentration of pairs3 several different pairs have a 
similar concentration. The variation of the concentration of pairs 
with concentration of impurity atoms is calculated. The chapter 
concludes with a discussion of the magnetic interactions of Fe203  ^
both experimental and theoretical3 and which interactions may be 
expected to be dominant in the magnetically dilute system.
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2.1 Magnetic Interactions
When two ions of spin and S_. couple, a pair will result
and the spin of the pair S varies from (^ S^ +S_.) to |s.-S_.| . The
coupling between the ions can be expressed purely as Heisenberg 
exchange where the interaction Hamiltonian is given by JS^ .S_. where 
J is the exchange constant. In some cases it has been found 
necessary to include other terms in this Hamiltonian, such as 
biquadratic exchange and the effect of these terms will be discussed 
later (Section 3.2).
Magnetically dilute systems provide a convenient way of studying 
the microscopic interactions without the complications of the 
macroscopic properties of the pure magnetic material. The exchange 
parameters for pairs, which are a major part of the microscopic 
interactions, should be similar for the magnetically dilute system 
Fe3+/Al203 , and the pure system Fe203 . Some differences would be 
expected due to slightly different lattice parameters for the two 
structures (see Section 2.2) and will be discussed later (Section
2.4).
The interaction between two cations may be divided into two 
types, cation-cation exchange and cation-anion-cation exchange. 
Cation-cation exchange occurs when two cations are sufficiently close 
for overlap of the d orbitals to occur. This has been discussed by 
Goodenough (1960) and is the preferred mechanism when the cation- 
anion-cation angle is approximately 90° . If there is a non-magnetic 
anion sufficiently close to two cations, then interaction between the 
two cations can occur via the intervening anion and this interaction 
is called cation-anion-cation exchange (superexchange). This was 
first proposed by Kramers (1934) and more recently developed
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by Anderson (1950) who p ro p o se d  t h a t  t h e  i n t e r a c t i o n  would depend on 
t h e  d i r e c t i o n a l  p r o p e r t i e s  o f  t h e  a n io n  o r b i t a l s  as  w e l l  a s  t h e  number 
o f  d e l e c t r o n s  on th e  m a g n e t ic  c a t i o n .  He s u g g e s t e d  t h a t  t h e  
i n t e r a c t i o n  would be s t r o n g e s t  when t h e  c a t i o n - a n i o n - c a t i o n  a n g le  (oO 
i s  180° and weak when ot = 90° . Goodenough (1950) d i s c u s s e d  th e  
e f f e c t s  o f  t h e s e  i n t e r a c t i o n s  and o f  c a t i o n - c a t i o n  exchange  f o r  
v a r y in g  num bers o f  d e l e c t r o n s  and f o r  d i f f e r e n t  v a lu e s  o f  a . 
I n t e r a c t i o n s  o f  t h e  a n io n  w i th  t h e  c a t i o n s  s u r r o u n d in g  i t  w ere  t a k e n  
i n t o  a c c o u n t  and a v a lu e s  o f  9 0 ° ,  135° and 180° were t r e a t e d .  
These a rg u m en ts  were s u c c e s s f u l l y  a p p l i e d  t o  s e v e r a l  d i f f e r e n t  
m ag n e t ic  s t r u c t u r e s  i n c l u d i n g  t h e  corundum ty p e  compounds and  t h e  
r e s u l t s  w i l l  be d i s c u s s e d  in  S e c t io n  2 . 4 .
The A nderson t h e o r y  was a l s o  u se d  by Kanamori (1959) who to o k  
i n t o  a c c o u n t  t h e  symmetry r e l a t i o n  be tw een  t h e  m e ta l  d o r b i t a l s  and 
t h e  a n io n  s and p o r b i t a l s  when d e te r m in in g  t h e  s ig n  o f  t h e  
i n t e r a c t i o n .  He d i s c u s s e d  o n ly  t h e  s im p le  m a g n e t ic  s t r u c t u r e s  w i th  
a = 90° o r  180° . The r e a s o n a b ly  s u c c e s s f u l  s e t  o f  s e m i - e m p i r i c a l  
Goodenough-Kanamori r u l e s  a r e  g iv en  by Anderson (1 9 6 3 ) .  More 
r e c e n t l y ,  H a lpe rn  (1966) s u g g e s te d  t h e  u se  o f  u n r e s t r i c t e d  H a r t r e e -  
Fock o r b i t a l s  t o  t a k e  i n t o  a c c o u n t  t h e  d i s t r i b u t i o n  o f  bonds a round  
t h e  a n io n .  H is method g iv e s  t h e  same r e s u l t s  f o r  t h e  a = 180° c a s e  
and can be  a p p l i e d  t o  sy s tem s  where a  i s  i n t e r m e d i a t e  b e tw een  90° 
and 180° . To d i s c o v e r  what t h e s e  m echanisms p r e d i c t  f o r  t h e  Fe 2 Ü3  
sy s te m , t h e  c r y s t a l  s t r u c t u r e  must be lo o k ed  a t  in  d e t a i l .
2.2 Crystal structure considerations
The c r y s t a l  s t r u c t u r e s  o f  corundum and h e m a t i t e  were f i r s t  
d e te rm in e d  by P a u l in g  and H e n d r ic k s  (1 9 2 5 ) .  More r e c e n t  work on
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hematite comes from Shirane et at (1959) and Willis and Rooksby 
(1952), while the ot - AI2O3 parameters have been refined by Newnham 
and de Haan (1962). Wyckoff (1964) summarises the results for a 
number of sesqui-oxides.
The crystal structure of corundum is trigonal, with oxygen atoms 
arranged in approximate hexagonal close packing. Between the oxygen 
layers there are octahedral holes; and trivalent cations occupy two 
thirds of the available holes in each layer (Figure 2.1 (c)). The 
layers of oxygen ions and layers of metal ions are perpendicular to 
the triad axis. All of the metal ions lie along the triad axis but 
the planes of metal atoms are puckered due to the repulsion of the 
metal atoms. Corundum belongs to the space group R3c (d ^) and may
be referred to rhombohedral axes or hexagonal axes. The rhombohedral 
system was preferred as the unit cell contained only two formula units 
(four metal atoms) compared with six formula units in the hexagonal 
unit cell. The unit cell dimensions for both sets of axes are given 
in Table 2.1. A diagram of the rhombohedral unit cell is shown in 
Figure 2.1 (a) and the relation between the rhombohedral and 
hexagonal unit cells is seen by comparing Figures 2.1 (a) and (b).
2.2.1 Mixed systems
A number of the sesqui-oxides, including 0^03 , V2O3 , Ti2Ü3 
and a - Fe2C>3 , are isomorphous with corundum, differing only in the 
unit cell parameters. It is found that trivalent cations enter the 
corundum lattice substitutionally, the impurity atom replacing an 
Al3+ atom (Geschwind and Remeika 1962, Ferguson and Fielding 1972, 
McClure 1962). The metal ions are located in special positions 
along the three-fold axis and thus the point group symmetry of the 
metal ions is C3 . Each metal ion is surrounded by six oxygen
Figure 2.1. The crystal structure of corundum showing (a) the
rhombohedral unit cell, (b) the hexagonal unit cell 
with oxygens omitted, and (c) a portion of the lattice 
showing the oxygen layers. The pair types are shown 
in all diagrams where possible. The pair types are as 
follows: if k is reference ion, a is the first
nearest neighbour (n.n.), b is the second n.n., c 
is the third n.n., d is the fourth n.n. and e is 
the first next nearest neighbour (n.n.n.).
Cc)
(Geschwind and Remeika 1961 - Phys. Rev. 122 757).
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Table 2.1. Crystal 
hematite
unit cell data for corundum 
( CL- Fe 2 0 3 ) .
(01-AI2O3) and
Corundum (O6-AI2O3) Hematite (a-Fe203)
Rhombohedral
Reference 1 1, 2, 4
a (pm) 512.8 542.7
a (degrees) 55,33 55.28
y* 0.3520 0.355
V * 0.556 0.550
z 2 2
Hexagonal
Reference 3 2, 3
aH (pm) 475.89 (0.1) 503.45
cH (pm) 1299.1 (0.5) 1374.9
CH/aH 2.73 2.7311
Z 6 6
z 0.3520 (0.0003) 0.355
X 0.306 (0,004) 0.300
Special positions of atoms (Wyckoff 1964) 
(a) Rhombohedral unit cell*
metal atoms: ±(y, y, y) , ±(%+y, %+y, %+y)
oxygen atoms: ± ( V  , % - v ,  %) , ± ( % - v ,  %, v) , ± ( % ,  V, % - v )
(b) Hexagonal unit 
metal atoms:
cell
±(o, 0, z) , ±(0, 0, % + z )
oxygen atoms:: ±(x, 0, %) , ±(0, x, %) , ±(x, x, %)
* The origin coincides with a centre of symmetry as given in the 
International Tables (1969), but is displaced (%, %, %) from that 
shown in Figure 2.1 (a).
1. Wyckoff 1964.
2. Willis and Rooksby 1952.
3. Newnham and de Haan 1962.
4. Shirane et dl 1959.
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atoms, arranged in a near octahedron, the deformation direction of 
this octahedron being along the C3 axis.
The crystal field surrounding the metal ions may be considered 
as a cubic field with a trigonal field superimposed. If the cubic 
axes are (e, r|, C) s then the direction of the deformation is along 
the (1 , 1 , 1) axis of the (£, n , £) system which corresponds to 
the C3 axis (the z axis of the hexagonal system). All aluminium 
sites are physically equivalent but there are two magnetically 
inequivalent sites. This inequivalence is due to different directions 
of the cubic crystal field axes for the two sites, the cubic axes 
being related to each other by approximately a 60° rotation about 
the C3 axis. All atoms between a set of oxygen planes are 
equivalent but are magnetically inequivalent to atoms between the 
next set of oxygen planes (Geschwind and Remeika 1961).
In general, the two sites are equally populated but when the 
ionic radius of the impurity is greater than that of Al^+ , for example 
Gd3+ , unequal occupancy has been observed (Geschwind and Remeika 
1961). In fact, only one site was occupied. A similar effect was 
observed for Co?+ in corundum, where it has been found that the 
ratio of the populations of the two sites is influenced by the flux 
composition. Use of a PbO - PbF2 flux gives cobalt ions in one 
site only while the PbO - B2O3 melt produces crystals with cobalt 
ions in both sites (Townsend 1964, Townsend and Hill 1965).
Divalent iron would be expected to show the same effect as divalent 
cobalt (Ferguson and Fielding 1972).
2.2.2 Geometry of pairs of metal atoms
The most important pairs in the corundum lattice are the four 
nearest neighbour (n.n.) pair types and a number of next nearest
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n e ig h b o u r  ( n . n . n . )  p a i r s .  The n . n .  p a i r s  s h a r e  a t  l e a s t  one oxygen 
io n  be tw een  two e n c lo s i n g  c a t i o n  o c t a h e d r a  and so have a s u p e r ­
exchange  p a th  i n v o lv in g  on ly  one oxygen. Two oxygens a r e  in v o lv e d  
in  t h i s  ty p e  o f  i n t e r a c t i o n  f o r  t h e  n e x t  n e a r e s t  n e ig h b o u r s .
One o f  t h e  n . n . n .  p a i r s  t o  be c o n s i d e r e d ,  i s  t h e  f i r s t  n . n . n .  
whose p a i r  a x i s  l i e s  a lo n g  t h e  c r y s t a l  C3 a x i s .  T h is  p a i r  ( t h e  
f i r s t  n . n . n . ) ,  and t h e  f i r s t  n . n ,  p a i r ,  whose p a i r  a x i s  i s  a l s o  a lo n g  
th e  C3 a x i s ,  a r e  c a l l e d  t h e  " o n - a x i s "  p a i r s  and w i l l  have t r i g o n a l  
symmetry. The p a i r  axes  f o r  t h e  o t h e r  n . n .  p a i r  t y p e s  l i e  a t  v a r i o u s  
a n g le s  t o  t h e  C3 a x i s  (T a b le  2 . 2 )  and so  t h e s e  p a i r s  have much 
low er  symmetry and a r e  c a l l e d  t h e  " o f f - a x i s "  p a i r s .  The t h i r d  n . n .  
p a i r  h a s  a  C2 a x i s  p e r p e n d i c u l a r  t o  t h e  p a i r  a x i s ,  p a s s i n g  th ro u g h  
t h e  m id - p o in t  o f  t h e  i n t e r i o n i c  v e c t o r .  The second  and f o u r t h  n . n .  
p a i r s  e x h i b i t  on ly  C\  symmetry (M o l le n a u e r  and Schawlow 1 9 6 8 ) .  The 
second  n . n . n .  p a i r ,  which i s  n o t  c o n s id e r e d  in  d e t a i l  due t o  t h e  
l a r g e  i n t e r i o n i c  d i s t a n c e  o f  4 7 6 ,pm , h a s  i t s  p a i r  a x i s  p e r p e n d i c u l a r  
t o  t h e  C3 a x i s  b u t  i t  does n o t  c o in c i d e  w i th  one o f  t h e  t h r e e  d ia d  
axes  in  t h i s  p l a n e .  The i n t e r i o n i c  d i s t a n c e  f o r  each  o f  t h e  p a i r s  i s  
g iv en  in  T ab le  2 . 2 .
The f i r s t ,  t h i r d  and f o u r t h  n . n .  p a i r s  in v o lv e  an atom from  each  
o f  t h e  two m a g n e t i c a l l y  i n e q u i v a l e n t  s i t e s  w h i le  t h e  second  n . n .  and 
th e  f i r s t  n . n . n .  p a i r s  in v o lv e  m a g n e t i c a l l y  e q u i v a l e n t  i o n s .  The 
second  n . n .  i n t e r a c t i o n s  a r e  w i t h in  th e  m e ta l  " p la n e "  o n l y ,  w h i le  a l l  
t h e  o t h e r s  a r e  i n t e r a c t i o n s  be tw een  p l a n e s .  The atoms in v o lv e d  in  
t h e  f i r s t  n . n .  and f i r s t  n . n . n .  p a i r s  a r e  w i t h in  t h e  rho m b o h ed ra l  
u n i t  c e l l  and t h e  o t h e r  i n t e r a c t i o n s  in v o lv e  m e ta l  atoms from  o t h e r  
u n i t  c e l l s  ( F ig u r e  2 .1  ( a ) ) .
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Table 2.2. Symmetry of pairs, numbers of each of the pair types,
angle of pair axis to C 3 axis and interionic distance 
for a number of the pairs in the corundum and hematite 
lattices (Newnham and de Haan, 1962, Mollenauer and 
Schawlow, 1968).
Pair type No. of pairs Point
symmetry
Angle to C 3 
axis for 
corundum 
(degrees)
Interionic 
distance 
for corundum 
(pm)
Interionic
distance
for
hematite
(pm)
n .n. 1 1 C 3 0 265.(0.8) 289.
n.n.2 3 Cl 80.1 279. (0.2) 297.
n .n. 3 3 c 2 58.3 322.(0.1) 337.
n.n .4 6 Cl 51.7 350.(0.5) 370.
n .n ,n. 1 1 C 3 0 , 0 385. 399.
2.2.3 Oxygen octahedra and the exchange interactions
Each metal atom is surrounded by six oxygen atoms which are in 
an approximately octahedral arrangement. Three oxygens are at a 
distance 197.(1.5) pm while the other three are at a distance of 
186.(1) pm from the metal atom (Newnham and de Haan 1962). For the 
first n.n. pair, which share three oxygens, the oxygen octahedra of 
the two metal atoms share a common plane while for the second n.n., 
with two oxygens common, each oxygen octahedron shares an edge with 
three other octahedra. The third and fourth n,n. share a corner of 
the oxygen octahedra as they have only one common oxygen. Next 
nearest neighbour pairs have no shared atoms of their oxygen 
octahedra.
If the oxygen octahedra have a shared edge or face, then the 
metal-oxygen-metal angle (a) will be approximately 90° (first 
n.n. and second n.n.) and cation-anion-cation interactions will be 
weak while cation-cation interactions are favoured (Goodenough 1960). 
The third and fourth n.n. share only one oxygen and so the metal-
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oxygen-metal angle (a) varies from 120° to 130° . This makes 
direct cation-cation overlap negligible while favouring cation-anion- 
cation overlap which is optimized for a = 180° (Goodenough 1960). 
Table 2,3 gives details of the metal-oxygen-metal and oxygen-metal- 
oxygen angles for a - AI2O3 and a - Fe203 as determined by 
Newnham and de Haan (1962). The fact that the oxygen-metal-oxygen 
angles are not 90° and 180° shows the distortion of the oxygen 
octahedra. Because of this distortion, the metal d orbitals do not 
point directly at the oxygen atoms.
Table 2.3. Metal-oxygen-metal and oxygen-metal-oxygen bond angles for 
corundum and hematite (Newnham and de Haan 1962).
Angle"1" Number of angles
Bond angle 
Corundum
in degrees 
Hematite
Metal-oxygen-metal
k-0i-a 3 84.6 (0.7) 87.4
k-02-b 6 93.6 (0.5) 94.1
k-05-c 3 12 0.3 (0.4) 118.2
k-0i-d 6 132.3 (0.5) 132.1
Oxygen-metal-oxygen
CM
O11O 3 79.7 (1.4) 77.5
Ol-k-Os 6 86.4 (0.6) 85.9
05-k_06 3 101.1 (1.0) 102.7
0i-k-06 3 164.3 (0.7) 161.5
See Figure 2.1 (a) for notation for the metal and oxygen atoms.
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2 . 2 . 4  Change o f  l a t t i c e  p a ra m e te r s  w i th  t e m p e r a tu r e  and c o n c e n t r a t i o n
The l a t t i c e  p a ra m e te r s  f o r  t h e  s e r i e s  o f  s o l i d  s o l u t i o n s  
Fe20 3 -  A12C>3 have been  m easured  by P a s s e r i n i  (1 9 3 0 ) .  The h e x a g o n a l  
p a ra m e te r s  a  and c were b o th  found  t o  v a ry  l i n e a r l y  betw een  t h e  
two e x tre m e s  shown in  T ab le  2 . 1 .  At t h e  im p u r i ty  c o n c e n t r a t i o n s  
s t u d i e d ,  th e  l a t t i c e  p a ra m e te r s  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from 
t h o s e  f o r  a  -  A12Ü3 . Thus i t  was t h e s e  p a ra m e te r s  t h a t  were used  
in  t h e  c a l c u l a t i o n  o f  t h e  t e m p e r a tu r e  dependence  o f  t h e  l a t t i c e  
p a ra m e te r s  and o f  t h e  d i p o l a r  i n t e r a c t i o n  betw een  t h e  two io n s  
( S e c t io n  7 . 1 . 1 ) .
The th e r m a l  e x p a n s io n  o f  a s a p p h i r e  s i n g l e  c r y s t a l  p a r a l l e l  t o  
t h e  c a x i s  h a s  been  m easured  by Arp e t  a t  (1962) by u se  o f  a 
d i l a t o m e t e r » The e x p a n s io n  was m easured  o v e r  t h e  t e m p e ra tu re  range  
20 t o  293 K and found  t o  be n o n - l i n e a r .  From t h e  d a t a  o f  Arp e t  a l  
( 1 9 6 2 ) ,  t h e  v a r i a t i o n  o f  t h e  h e x a g o n a l  u n i t  c e l l  l e n g t h  c w i th  
t e m p e r a tu r e  was c a l c u l a t e d  and i s  shown in  F ig u re  2 .2 .  Assuming t h e  
changes in  t h e  i n t e r i o n i c  d i s t a n c e s  t o  be th e  same f o r  t h e  f i r s t  n . n .  
and t h e  f i r s t  n . n . n . , t h e  change in  each  i n t e r i o n i c  d i s t a n c e  was 
c a l c u l a t e d  and found  t o  be 0 .3  pm which i s  l e s s  th a n  t h e  e r r o r  in  
m ea su r in g  t h e  p a i r  d i s t a n c e s  (Newnham and de Haan 1962). S in ce  th e  
D v a lu e  f o r  t h e  s i n g l e  io n  l i n e  i s  d e te rm in e d  by th e  t r i g o n a l  
d i s t o r t i o n  a lo n g  t h e  c a x i s ,  t h e  v a r i a t i o n  o f  D w i th  t e m p e ra tu re  
( s e e  S e c t io n  6 ,1 )  w i l l  be  r e l a t e d  t o  t h e  th e r m a l  e x p a n s io n  a lo n g  t h i s  
a x i s .  The D v a lu e s  o f  t h e  p a i r s  ( S e c t i o n  7 .1 )  a r e  n o t  s i g n i f i c a n t l y  
a f f e c t e d  by t h e  l a t t i c e  c o n t r a c t i o n  ( s e e  S e c t io n  7 . 1 . 1 )  b u t  a l t e r  as  
t h e  s i n g l e  io n  D v a lu e  a l t e r s .
2.3 Cluster probabilities
The r e l a t i v e  c o n c e n t r a t i o n  o f  a s i n g l e  i o n ,  and o f  a  g iv en  ty p e
Figure 2.2. Variation of the hexagonal unit cell length c v/ith 
temperature (from the data of Arp et al, 1962).
1299.0-
c (pm)
129 8.5“
1298.0
Temperature
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of pair, varies with the total concentration of impurity. They can 
be calculated approximately by assuming that the impurity atom did 
not enter the lattice interstitially but replaced a host metal atom, 
and by considering a random distribution of ions in the lattice. The 
assumption of random distribution implies that effects of interactions, 
such as the exchange coupling between impurity atoms, on the 
distribution can be neglected. With these assumptions, the probability 
of finding pairs can be calculated, as a function of the concentration 
of impurity atoms. This may be used to check assignments of pair 
lines made using the methods outlined below (Sections 6.2.4 and 8.4). 
The calculations were first performed assuming only the nearest 
neighbours to be important, and then extended to include the next two 
neighbour types (see below). It was found that this altered the 
concentration of singles and pairs at low concentration, as well as 
altering the concentration at which the maximum number of pairs was 
expected. The method outlined by Behringer (1958), and extended by 
Kreitman and Barnett (1965) to include next nearest neighbour 
interactions, was used to perform the calculations. The relative 
concentrations of triples is, in general, much less than that of 
doubles (Behringer 1958), and could be neglected without affecting 
the calculations of the number of doubles.
2.3.1 Nearest neighbour interactions only
There are four n.n. pair types in the corundum lattice (see 
Section 2.2.2) giving a total of 13 different neighbours. If the 
fractional concentration of impurity A atoms in the lattice is p , 
then the number of A atoms with no near neighbour atoms is:
Np(l-p)13 , (1)
where N is the number of lattice sites in the crystal and (1-p) is
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th e  r e l a t i v e  p r o b a b i l i t y  o f  f in d in g  a s i t e  occupied  by a h o s t  m eta l 
io n .  I f  s i s  d e f in e d  as th e  r e l a t i v e  number o f  s in g le  io n s ,  then  
t h i s  i s  g iven  by:
s = p ( l - p ) 13 . (2)
Let d^ be th e  number o f  doubles  o f  th e  i - t h  ty p e .  Then 2d^ i s
th e  number o f  A atoms in  doub les  o f  ty p e  i  , t h a t  i s ,  th e  r e l a t i v e  
number o f  A atoms which have one i - t h  n .n .  A atom, which i t s e l f  
has no o th e r  n .n .  A atoms. To c a l c u l a t e  d^ , th e  number o f  s i t e s
su rround ing  th e  two atoms o f  th e  double was found and from t h i s  
s u b t r a c t e d  th e  number o f  n .n .  s i t e s  which were common to  b o th  members 
o f  th e  dou b le ,  th u s  g iv in g  th e  number o f  non-common s i t e s  (n^) .
This  was done f o r  each o f  th e  fo u r  n .n .  p a i r  ty p e s ,  o f  which th e r e  
a re  g^ o f  each type  (see  Table 2 . 2 ) .  To c a l c u l a t e  th e  r e l a t i v e
number o f  doubles d^ f o r  each o f  th e  i - t h  p a i r  t y p e s ,  a t  a
s p e c i f i c  c o n c e n t r a t io n  o f  A atom s, th e  fo l lo w in g  g e n e ra l  form ula 
was used:
n .
di  = ^ i P 2 ^  1 (3)
and th e  r e s u l t s  f o r  th e  n . n .  p a i r  ty p e s  a re  g iven  in  Table 2 . 4 .  The 
r a t i o  o f  th e  number o f  doubles  t o  th e  number o f  s in g l e s  (R) was 
a l s o  c a l c u l a t e d .  These fo rm u lae ,  e v a lu a te d  o ver  a number of 
c o n c e n t r a t i o n s ,  a re  p l o t t e d  in  F igure  2 .3  (a )  and ( b ) .  The form ulae 
g iven  below a re  th e  same as th o s e  g iven by Ferguson and F ie ld in g  
(1972) ex ce p t  f o r  th e  f o u r th  n . n .
23
SOpSUTS pup SUTPd JO UOTJEUJUOOUOQ
Va
ri
at
io
n 
wi
th
 c
on
ce
nt
ra
ti
on
 o
f
(a
) 
th
e 
re
la
ti
ve
 nu
mb
er
s 
of
 s
in
gl
es
 a
nd
 d
ou
bl
es
, 
in
cl
ud
in
g 
n.
n.
 i
nt
er
ac
ti
on
s 
on
ly
(b
) 
th
e 
ra
ti
o 
of
 th
e 
nu
mb
er
 o
f 
do
ub
le
s 
to
 s
in
gl
es
, 
in
cl
ud
in
g 
n.
n.
 i
nt
er
ac
ti
on
s 
on
(c
) 
th
e 
re
la
ti
ve
 nu
mb
er
s 
of
 s
in
gl
es
 a
nd
 d
ou
bl
es
, 
in
cl
ud
in
g 
n.
n.
 a
nd
 f
ir
st
 a
nd
 s
ec
in
te
ra
ct
io
ns
.
24
Table 2.4. Relative numbers of clusters for the corundum lattice,
including n.n. interactions only.
Cluster 
type (i)
Number of 
pairs g^ ^
Common
sites
Non-common 
sites (ru) d.l R
S - - 13 p(l-p)13 1
n.n .1 1 8 18 %p2(1-p)18 %p(l-p)5
n.n .2 3 8 18 |p2(l-p)18 \ (1-P)5
n.n. 3 3 6 20 |p2(1-p)20 |p(l-p)7
n.n.4 6 5 21 3p2(1-p)21 3p(l-p)8
2.3.2 Nearest neighbour and next nearest neighbour interactions
The next two neighbour types were then included, thus increasing 
the number of neighbours surrounding a given site to 20 (see 
Section 2.2.2). The number of non-common sites (rm) was again
calculated and the formulae for the relative concentration of each
of the pair types dl are given in Table 2.5 and plotted in Figure
2.3 (c)
Table 2.5. Relative numbers of clusters for the corundum lattice, 
including n.n. and first and second n.n.n. interactions.
Cluster 
type (i)
Number of 
pairs
Common
sites
Non-common 
sites
d!l R
S - - 20 p(l-p)20
n .n.l 1 8 32 %p2(1-p)32 %p(l-p)8
n.n.2 3 12 28 |p2(l-p)28 |p(l-p)12
n .n .3 3 12 28 |p2(l-p)28 |p(l-p)12
n.n.4 5 10 30 3p2(1-p)3 0 3p(l-p)10
n .n .n. 1 1 8 32 %p2(1-p)32 %p(l-p)8
n.n.n .2 6 8 32 3p2(1-p)32 3p(l-p)8
The relative concentration of first nearest neighbour doubles 
assuming a n.n. only model, d^  ^ is shown in Figure 2.3 (c) for
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for comparison. This plot differs from that for d’ ^ in two ways.
Firstly ^  n 1 ^s sma-^e;r at l°w concentrations and secondly, the 
maximum concentration of doubles occurs at a lower concentration than 
that for the nearest neighbour model.
As lines from n.n.n.l were resolvable in the EPR spectrum 
(Section 8.1 ), at least n.n.n.l should be included in the 
calculation. This gave results (Section 6.1) similar to those when 
only n.n. were included.
2.3.3 Impurity concentration giving maximum pair concentration
The formulae above for the relative concentrations of pairs (and 
singles) are in the general form:
m,.c = gp (1-p) .
. dc . . .Therefore c will be a maximum when -r—  is zero. Differentiation ofdp
c w.r.t. p gives:
dc m,n .n-1 , m-l/n3^-= -ngP (l-p) + mgp (1-p)
= pm i(l-p)n 1g{m(l-p)-np}
= gpm ^(l-p)0 1{m-p(m+n)} . (4)
dcThere are two trivial solutions of = 0 ; p = 0 and p = 1 . For 
a non-trivial solution:
m = p(m+n)
(5), . mthat is, p = ---  .5 r m+n
So the concentration, p , at which a particular pair type has maximum 
probability depends on the number of neighbours included in the 
calculation.
From Figure 2.3 (b), it can be seen that the ratio of doubles to
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s i n g l e s ,  a t  an im p u r i ty  c o n c e n t r a t i o n  o f  1% , v a r i e s  from  ^ 1/200 
f o r  n . n . l  t o  ^ 1 /3 0  f o r  n . n . 4 .  At t h i s  c o n c e n t r a t i o n  o f  i m p u r i ty  
a to m s ,  th e  number o f  p a i r s  o c c u r r in g  would be s u f f i c i e n t l y  l a r g e  f o r  
p a i r  e f f e c t s  t o  be o b s e r v a b le  in  t h e  EPR sp e c t ru m .
2.4 Magnetic structure of Fe203
The p a i r  exchange  p a r a m e te r s  f o r  a m a g n e t i c a l l y  d i l u t e  sy s tem  
s h o u ld  be s i m i l a r  t o  t h o s e  f o r  t h e  m a g n e t i c a l l y  p u re  sy s te m . However, 
t h e r e  may be v a r i a t i o n s  due t o  d i f f e r e n t :
( a )  i n t e r i o n i c  d i s t a n c e  be tw een  th e  two c a t i o n s ,
(b )  i o n i c  r a d i i  o f  t h e  c a t i o n s ,
( c )  d o r b i t a l  r a d i a l  wave f u n c t i o n s ,  and
(d )  a n g u la r  v a lu e s  f o r  t h e  c a t i o n - a n i o n - c a t i o n  a n g le s .
The dom inan t i n t e r a c t i o n s  would be  e x p e c te d  t o  be be tw een  t h e  same 
p a i r s  i n  t h e  two s y s te m s ,  b u t  may d i f f e r  in  m ag n i tu d e .  For t h e  
weaker i n t e r a c t i o n s ,  a  change in  s ig n  a s  w e l l  a s  m agn itude  would n o t  
be u n e x p e c te d .  Exchange p a r a m e te r s  f o r  t h e  isom orphous sy s te m s  
C r3+/ A l203 and Cr203 have been  d e te rm in e d  (T a b le  2 . 6 )  and a 
com parison  o f  t h e i r  J  v a l u e s  shows t h a t  a l l  a r e  l a r g e r  in  t h e  
d i l u t e  sy s tem  and t h e r e  has  been  a change i n  s ig n  o f  t h e  n e a r e s t  
n e ig h b o u r  3 i n t e r a c t i o n .  S i m i l a r  e f f e c t s  would be e x p e c te d  f o r  t h e  
F e3+/ A l203 and Fe203 s y s te m s .
At room t e m p e r a tu r e  h e m a t i t e  i s  b a s i c a l l y  a n t i f e r r o m a g n e t i c  
which h a s  su p e r im p o se d  on i t  p a r a s i t i c  f e r ro m a g n e t i s m  c o r r e l a t e d  w i th  
a tom ic  moments n e a r l y  in  t h e  b a s a l  p la n e  ( t h e  p la n e  p e r p e n d i c u l a r  to  
t h e  C3 a x i s )  (N ee l  1 9 4 9 ) .  Above t h e  C u r ie  p o i n t  (t ) o f  948 K
(N eel 1949) h e m a t i t e  becomes p a ra m a g n e t ic  and t h e  t r a n s i t i o n  i s  
a s s o c i a t e d  w i th  a c o n t r a c t i o n  a lo n g  t h e  t r i a d  a x i s  ( W i l l i s  and
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Rooksby 1952), As the temperature is decreased below room tempera­
ture, hematite undergoes a Morin transition at ^253 K (Morin 1950) 
where the parasitic ferromagnetism disappears, and the magnetic axis 
becomes parallel to the C3 axis. In the temperature range 253 K 
to 948 K , the spins are approximately perpendicular to the triad 
axis and hence the Morin transition, which is not associated with 
crystallographic changes, involves a re-orientation of the spin 
directions (Morin 1950).
Neutron diffraction studies have been carried out by Shull et oil 
(1951) who found that the magnetic unit cell was the same size as the 
chemical unit cell. They put forward three models for the anti­
ferromagnetic arrangement of spins in the rhombohedral unit cell 
(Figure 2.1 (a)). The proposed models were as follows:
Model (a) + - - +
Model (b) + + - -
Model (c) + - + - .
Model (c) could be immediately ruled out from crystal structure 
factor considerations. Model (a) was favoured over model (b) and at 
room temperature the spin moments were oriented in the (111) sheets 
(normal to the C3 axis) directed towards one of the three n.n.’s in 
the sheet. Below the Morin temperature, the spins are perpendicular 
to the (111) sheets (that is, parallel to the C3 axis). Translat­
ing model (a) along the rhombohedral unit cell edges gives the spin 
arrangement in the three dimensional space. The interactions within 
each plane are ferromagnetic while those between planes are 
antiferromagnetic. Thus the signs of the dominant pair interactions 
may be elucidated.
Detailed inelastic neutron scattering measurements of hematite 
have been carried out by Samuelsen and Shirane (1970) and Riste and
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Wanic (1961). Riste and Wanic included only two interactions and 
found the fourth n.n. to be the strongest interaction with an 
exchange constant of ^28 cm- at 293 K . Samuelsen and Shirane 
(1970) included the first five neighbours and obtained J values. 
When seven and then ten neighbours were included the results were not 
significantly affected. From these fits they obtained a set of
"probable J values" for the first five neighbours at 240 K (Table
2.6). These results were obtained below the "spin-flip" (Morin) 
transition and were not affected by the transition. The signs of the 
dominant interactions are those expected from the work of Shull et dl 
(1951). The magnetic structure of Cr203 has been determined by 
Brockhouse (1953) to be + - + - along the C3 axis and exchange 
constants for the system have been determined by Samuelsen et al 
(1970) (Table 2.6). A comparison of these results with those 
determined for Fe2 0 3 shows that interactions for next nearest 
neighbours are small for both systems, but whereas J3 and J4 are
largest for Fe2Ü3 , J] and J2 are largest for Cr20 3 . Exchange
constants for the other sesquioxides Ti2Ü3 and V2O3 have not been 
determined but the spin arrangement for Ti2C>3 has been shown, by 
neutron scattering experiments (Abrahams 1963), to be the same as 
a - Fe20 3 (model (a)).
As Cr20 3 and aFe203 have the same crystal structure, the 
difference in their magnetic structures was attributed to the 
different numbers of d electrons of the two metal atoms. Fe3+ has 
5 unpaired electrons while Cr3+ has only 3 . In an octahedral 
crystal field the d orbitals which point at the apices of the 
octahedron, the doubly degenerate e^ (d^2 _ ^ 2 and d^2) orbitals,
are the least stable, while the triply degenerate t (d , dzg xy yz
Table 2.6. Exchange parameters for corundum-type systems, 
(a) Pure magnetic materials a - Fe203 and Cr2C>3 .
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____________ J in cm _____________
Neighbour
Fe203* 1 Cr2032
n ,n .1 (Jl) -4.2 (1.1) 60.7 (16)
n.n.2 (J2 ) -1.1 (0.4) 26.3 (1.0)
n .n .3 (J3) 20.6 (1.4) -0.5 (1.4)
n ,n .4 (J4 ) 16.1 (0.7) -0.1 (1.6)
n.n.n.1 (J5) 0.7 (0.7) 1. 5 (0.6)
(b) Magnetically dilute systems Fe3+/a-Al203 and Cr3+/a-Al203 .
Fe3+/a-Al203 Cr3+/a-Al2035
Neighbour ------------ ---------------------------
J (cm-1) J (cm-1) j (cm-1)+
n.n.l (J3) 250 (50)3 240
n.n.2 (J2) - 83.6
n.n.3 (J3) - 11.6
n.n.4 (J4) 21 - 284 -7.0
9.7
0.06
0.14
+ See Section 3.2.1 
References:
1. Samuelsen and Shirane 1970.
2. Samuelsen et al 1970.
3. Garifullina et al 1970.
4. Ferguson and Fielding 1972.
5. Berggren et al 1969.
and d ) orbitals are lower in energy (Figure 2.4). xz
=} e^ (d^2 2» d^) directed at the octahedral apices
} t. fd , d and d J directed at the octahedral edges 2g v xy yz xz '
Figure 2 A
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The crystal field surrounding an Fe (III) ion in corundum is a
distorted octahedral field and so the e orbitals point approximatelyg
and the oxygens but not exactly as the oxygen-metal-oxygen angle is
77.5° (Table 2.3) and not 90° . It is these orbitals which will be
involved in cation-anion-cation interactions. Li (1956) proposed
that the fourth n.n. was the largest interaction in ot - Fe203 as a
was largest for this interaction, and that the first n.n. was the
next strongest interaction. However, he ignored the third n.n.
interaction as pointed out by Iida (1956). Iida proposed that the
third and fourth n.n. were both strong interactions and that the
n.n.l and n.n.2 interactions were weak. Osmond (1962) constructed a
linear combination of oxygen p orbitals directed along three
perpendicular axes (pointing at the cations) and suggested that
cat ion-anion-cation overlap was possible for all pairs but strongest
for the third and fourth n.n. because of the larger a values.
Goodenough (1960) proposed that cation-cation interactions would be
strongest for n.n.l as these cations share an octahedral face (and
so have an a value of ^90° ) (Table 2,3). Cation-cation exchange
would also be dominant for second n.n. which have a common octahedral
edge (Section 2.1.3). Due to the common octahedral face and shorter
cation-cation distance, n.n.l would be the stronger Interaction and
both would be antiferromagnetic. Cation-anion-cation exchange is
expected to be small and ferromagnetic for these two neighbours but
dominating for the third and fourth n.n. where the a angles are
118° and 135° respectively (Table 2.3) (Goodenough 1960). As
Fe3+ has a half filled d shell, the e orbitals are half filledg
and so cation-anion-cation interactions are expected to be very 
strong, and antiferromagnetic for n.n.3 and n.n.4. Cation-cation
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exchange would be very weak for n.n.3 and n.n.4 and the antiferro- 
magnetic interactions for these two pairs are expected to be the 
dominant interactions in the system. Cr3+ does not have strong 
cation-anion-cation interactions as the e^ orbitals are empty
(Goodenough 1960 and Osmond 1962). For this system, n.n.l and n.n.2 
would be the largest interactions. This is as found experimentally 
(Table 2.6). Cation-anion-anion-cation exchange (n.n.n.l and n.n.n.2) 
would be very weak in both oxides (Goodenough 1963). Goodenough’s 
predictions, as well as those of Iida (1956) and Osmond (1962), are 
in agreement with the results of the neutron scattering work shown in 
Table 2.6. Halpern’s predictions (Halpern 1966) are in conflict with 
these results but not with the spin arrangement found by Shull et dl 
(1951). Halpern calculated n.n.2 to be ferromagnetic and the strong­
est interaction, with n.n.4 to be the next strongest interaction and 
antiferromagnetic. The n.n.l interaction was weak and the n.n.3 
interaction still weaker. His predictions for Cr2Ü3 agree with 
those found experimentally but Ti20 3 , he suggested, should have the 
same magnetic structure as 0^03 . In fact it has that of Fe2C>3 .
2.5 Summary
The structure of the isomorphous systems, corundum and hematite, 
have been outlined. There are four n.n. pairs and a number of n.n.n. 
pairs and the symmetry of each of these are given. It is the 
symmetry of the pairs which later allows the on axis pairs to be 
distinguished from the off axis pairs in the EPR spectrum (Section 
6.2). The concentrations of each of the pairs in the lattice was 
calculated as a function of the concentration of impurity atoms, 
assuming a random distribution of impurity atoms in the lattice. The
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magnetic structure of a - Fe2C>3 was discussed. A comparison was 
made between the exchange constants measured by inelastic neutron 
scattering (Samuelsen and Shirane, 1970) and theoretical predictions 
(Goodenough 1960, Li 1956, Osmond 1962).
33
CHAPTER 3
PAIR HAMILTONIAN
The spin Hamiltonian used to describe the EPR of the pairs 
studied in the dilute system is developed. Its components, the 
Hamiltonian for the isolated ion and the Hamiltonian describing the 
interaction are discussed. The interaction Hamiltonian has isotropic 
and anisotropic terms. The isotropic exchange terms cause different 
S levels to have different energies. The anisotropic exchange 
terms, together with the isolated icn Hamiltonian, remove some of the 
degeneracy of the sub-levels in zero field, If the isotropic 
exchange terms are greater than the zero field splittings, then the 
magnetic fields of the transitions are determined by the isolated 
ion Hamiltonian and the anisotropic exchange terms. The intensities 
of these transitions, on the other hand, are determined by the 
isotropic exchange constants and are further discussed in Chapter 4.
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3.1 Hamiltonian for the pair system
For t h e  d i l u t e  s y s te m ,  m i c r o s c o p i c a l l y  r e a l i s t i c  H a m il to n ia n s  
can be w r i t t e n  down as  c o - o p e r a t i v e  e f f e c t s  p r e s e n t  in  m a g n e t i c a l l y  
c o n c e n t r a t e d  sy s tem s  can be ig n o r e d .  At r e l a t i v e l y  h ig h  c o n c e n t ­
r a t i o n s  o f  i m p u r i ty  atoms in  a  d i a m a g n e t i c  m a t r i x ,  t h e r e  i s  a  f i n i t e  
p r o b a b i l i t y  o f  f i n d i n g  two im p u r i ty  atoms in  l a t t i c e  s i t e s  s u f f i c i e n t l y  
c lo s e  t o  i n t e r a c t  w i th  each  o t h e r  and so form a p a i r .  Most o f  t h e  
s p in  s t a t e s  o f  t h i s  p a i r  w i l l  be  p a ra m a g n e t ic  and so may be  s t u d i e d  
by c o n v e n t i o n a l  EPR t e c h n i q u e s  t o  o b t a i n  i n f o r m a t io n  on t h e  i s o t r o p i c  
exchange c o u p l in g  c o n s t a n t s  a s  w e l l  a s  on th e  a n i s o t r o p i c  exchange  
p a r a m e te r s  (Abragam and B leaney  1970) w hich a r e  n o t  r e a d i l y  a c c e s s i b l e  
by o t h e r  m ethods .
The H a m il to n ia n  a d o p te d  f o r  t h e  p a i r  form ed by t h e  c o u p l in g  o f  
atoms i  and j  was:
H  = H 1  +  + H 1 ^ (1 )
where H ^ = H a m il to n ia n  f o r  t h e  i s o l a t e d  atom i  and s i m i l a r l y  f o r  
"i i iH J . H  J i s  t h e  i n t e r a c t i o n  H a m il to n ia n .  The te rm s  i n  b o th  t h e  
i n t e r a c t i o n  H a m il to n ia n  and t h e  s i n g l e  io n  H a m il to n ia n  w i l l  now be 
d i s c u s s e d  in  d e t a i l .
3.2 Interaction Hamiltonian
The i n t e r a c t i o n s  a r e  o f  two t y p e s :  i s o t r o p i c  and a n i s o t r o p i c ,
b o th  o f  w hich  can be e s t i m a t e d  from EPR d a t a .  The i s o t r o p i c
i n t e r a c t i o n  be tw een  two atoms o f  s p in  S. and S. i s  due t o  te rm s
i  3
o f  t h e  form S^.S^ w h i le  a n i s o t r o p i c  te rm s  may a r i s e  from  r .S ^
te rm s  o r  S. x S. t e r m s ,  w here r i s  t h e  i n t e r i o n i c  v e c t o r .  
i  3
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3.2.1 Isotropie interaction between two ions
The general form for this interaction, as given by Anderson 
(1963) is
The first term is the quadratic or Heisenberg exchange and is the 
major contribution, while the second term is biquadratic exchange. A 
small biquadratic exchange term has been found necessary in some 
experimental cases (Harris 1972) to explain experimental results but 
the ratio of j to J was larger than that estimated by Anderson.
3.2.1.1 Quadratic exchange
This is represented by the term in the Hamiltonian j(S^ ,.S.)
where i and j label the exchange coupled pair of spins.
Consider and S. coupled to give total spin
(2)
s = s. + s.1 3 (3)
where S can take the values:
S = (S.+S.), (S.+S.-l), |s.-s. (4)
Since S = S. + S. and S i 3 i and S . commute,
S2 = S2 + S2 + 2S..S. ,i : 1 3
giving = 1/2 (S2-S?-S?) .
Evaluating matrix elements of the Hamiltonian in the S 
representation gives the energy of the particular spin state S to
be
ws = j(s..s.)
= 1/2 J(S2-S|-S?)
= 1/2 j{s(s+l)-si(si+l)-s^ (Sj+l)} , (5)
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w here S, and S_. a r e  t h e  e f f e c t i v e  e l e c t r o n i c  s p in  quantum 
numbers f o r  t h e  s p in s  S, and S_. r e s p e c t i v e l y .  The quantum
numbers and S_. a r e  c o n s t a n t s  f o r  a  p a r t i c u l a r  p a i r  o f  co u p le d
( 5 ) ,  t h e  o n ly  e f f e c t  o f  t h i s  b e in g  t o  change t h e  en e rg y  l e v e l  z e ro  
f o r  t h e  com ple te  s e t  o f  c o u p le d  s p in  s t a t e s  f o r  t h e  p a i r .  T h is  
s i m p l i f i e s  e q u a t io n  (5 )  t o
Ws = 1 /2  JS (S+ 1) . (6 )
atoms so  t h e  te rm  {s (s.+l)+S. (s . + l ) } can be  removed from  e q u a t io n
With q u a d r a t i c  exchange  e x p r e s s e d  in  t h i s  fo rm , J  p o s i t i v e  
c o r r e s p o n d s  t o  a n t i f e r r o m a g n e t i c  c o u p l in g  o f  t h e  s p in s  , w i th  t h e  
S = 0 l e v e l  lo w e s t  in  en e rg y  (F ig u r e  3 .1 )  w i th  t h e  e l e c t r o n  s p in s  
p a r a l l e l  t o  each  o t h e r .  S i m i l a r l y  t h e  ene rgy  o f  t h e  s p in  s t a t e  
( S—1) i s  g iv en  by
Ws = 1 /2  J { (S -1 )S }  . (7 )
From e q u a t io n s  (6 )  and ( 7 ) ,  th e  s e p a r a t i o n s  be tw een  t h e  two s p in  
en e rg y  l e v e l s  i s  g iv e n  by:
Ws -  Ws _1 = JS . (8 )
T h is  means t h a t  t h e  en e rg y  l e v e l s  a r e  sp a c e d  a c c o r d in g  t o  t h e  Lande 
I n t e r v a l  r u l e .  A d iag ram  o f  t h e  ene rgy  l e v e l s  t h a t  r e s u l t  from 
c o u p l in g  o f  s p in  5 /2  t o  s p in  5 /2  i s  shown in  F ig u re  3 . 1 .
3 . 2 . 1 , 2  B i q u a d r a t i c  exchange
T h is  t e r m ,  w hich  i s  o f  t h e  form - j ^ S ^ . S . ) 2 i s  r e q u i r e d  t o
e x p la i n  why t h e  e x p e r i m e n t a l  s e p a r a t i o n s  be tw een  t h e  p a i r  e n e rg y  
l e v e l s  f o r  Mn2+/Mg0 a r e  n o t  th o s e  e x p e c te d  assum ing  o n ly  q u a d r a t i c  
exchange ( H a r r i s  and Owen 1 9 6 3 ) .  By a s i m i l a r  method t o  t h a t  u se d
above ( S e c t i o n  3 . 2 . 1 . 1 ) ,  (S^.S_.)2 can be  o b t a i n e d  in  te rm s  o f  t h e
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F i g u r e  3 . 1 .  The  s e p a r a t i o n  o f  t h e  s p i n  e n e r g y  l e v e l s  f o r  q u a d r a t i c  
e x c h a n g e  o n l y  a n d  when q u a d r a t i c  a n d  b i q u a d r a t i c  
e x c h a n g e  a r e  b o t h  i n c l u d e d .
E n e r g y
S=5 --------------------  1 5 J + 3 7 . 5 j
E n e r g y
S=5 --------------------  1 5 J
S=4 --------------------  1 0 J + 7 5  . Oj
S=4 10J
S=3 6 J + 6 9 . O j
S = 3 6 J
S=2 3 J + 4 3 . 5 j
S=2 3J
•"3
i—
1
II
C
O
■—
i 
it
C
O J + 1 6 . 5j
0O  U  — '
J  o n l y  
J  p o s i t i v e
J  a n d  j  
J  p o s i t i v e ,  
j  p o s i t i v e  (^5% o f  J )
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quantum numbers S , and S. :
(S-.Sj)2 = %{s(s+l)[s(s+l)-2s.(s.tl)-2s.(s.+l)] + [s.(s.+l)+s.(s.+l)]2}
Again, the last term in this equation is a constant which is 
independent of S and so may be neglected, giving:
(S..S_.)2 = %{s(S+l)[s(S+l)-2Si(Si+l)-2S^ (Sj+l)]} . (9)
W = -j [s.. s 2s J 1 i y
- i{S(S+l)[s(S+l)-2S.(S.+l)-2SH (S^tl)]} (10)
When both isotropic exchange terms are included, the energy of 
the spin state S is:
Wg = %JS(S+1) - i(S(S+l)£s(S+l)-2Si(Si+l)-2Sj(Sj+l)]} (11)
while that for the spin state (S-l) is:
WS-1 = ^J(S_1)S - ^{S(s-l)[s(s-1)-2si(si+1)-2sj(s^+1)]} . (12)
Subtracting equation (12) from (11) gives the separation between the 
two spin levels S and (S-l) as:
Ws - Ws_1 = JS - js[s2-s. (s.+l)-s. (Sj+l)] . (13)
For the case of spin 5/2 coupled to spin 5/2 , the energy 
level diagram (for J positive) is given in Figure 3.1 when only J 
is included, and when J and j are both included. When j is 
included, it is seen that the Lande interval rule no longer applies 
and for j positive (and J positive) the separations between all 
adjacent levels increases except for that between S = 4 and S = 5 
which decreases. These results are summarized in Table 3.1.
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Table 3.1. The effect of quadratic and biquadratic exchange on the 
separation of the spin energy levels.
JS..S.i 3
Spin state__________Energy above the ground state
0 0
1 J+16.5 j
2 3J+43.5j
3 6J+69.Oj
4 10J+75.Oj
5 15J+37.5j
Energy levels 
(S, S-l) Separation Separation/S
1,0 J+16.5j J+16.5j
2,1 2J+27.Oj J+13.5j
3,2 3J+25.5j J+ 8.5j
4,3 4J+ 6.0j J+ 1.5j
5,4 5J-37.5j J- 7.5j
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3.2.2 Anisotropie exchange interaction between two ions
This is given by the following term in the Hamiltonian:
H . = S..D.S.anis l ] (14)
and has two components, the dipolar interaction between the two 
spins and the anisotropic exchange term. The dipolar interaction may 
be considered as arising from the interaction between the two spins, 
each considered as point dipoles. This interaction originates from 
the term:
3(S..r.,) (S .r )
l g2ß2
ji rij
S S -i” j
j iy v 3 ij'
ij
(15)
where r.. is the interionic vector. This can be reduced to the 12
form of equation (14) (B. McCool 1973) where the axes for diagonalizing 
the tensor D are x ’, y ’ and z' where z' is parallel to 
r _  . The other component of this interaction is anisotropic exchange,
resulting from the non spherical spin distribution, caused by spin- 
orbit effects (Low 1960). This can be represented as:
3(S..r..)(S..r.JI c.. 
ji 13
S S - 1 * 9
1 ij  ^j ij
ij
(16)
The principal axes of the tensor describing this interaction are 
assumed to be the same as those of the dipolar interaction.
Expanding equation (14) in terms of its principal components 
gives:
anis D (3S ,.S t.-iS..S.) + E (S ,.S ,.-S ,.S ,.) . (17)E v z'i z'j 3 l y  E ^ x ’l x *3 y ’i y'];
where
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°E " Danis + Dd 5 (18)
^anis beinS aniso-tropic exchange constant, and the dipolar
constant. Similarly, E has two components:
E = E . + E .E anis d
The dipolar contribution can be calculated using the following 
equation (Owen 1961):
-g232D , = - * ■ ■ .d 1
(19)
(20)
It has been found experimentally that the anisotropic exchange 
constant ^anps can be approximated by (Bleaney and Bowers 1952):
J
n 'VU  . I \ janis
5-(g//-2p-(gi-2)2J
8 (21)
where and g^ are the principal components of the g tensor.
Another term which will not be considered in detail is the
I
anti-symmetric spin-spin interaction, given by (Moriya 1960):
d.(S.xS ) , (22)
which is zero if the two exchange coupled ions are related by a 
centre of symmetry. The value of d may be approximated by:
|d| % Anil (23)
which may also arise from spin-orbit effects.
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3.3 Isolated ion Hamiltonian
The Hamiltonian for the isolated Fe3 + ion in the trigonal 
corundum lattice is given by (Kornienko and Prokhorov, 1961 and 
Symmons and Bogle, 1962)
H = g3H.S + iDO^  t (0 ?'+ 5 0 ü4 '). , + — i—  o u4 4 ' 180 4 (24)
where the operators 0^ are (Hutchings 1964)
0° = 3S2 - S(S+1) , (25)
04 = %(s4 + S4) , (26)
0? = 35S4 - 30S(S+1)S2 + 25S2 - 6S(S+1) + 3S2(S+1)2 , (27)4 Z 2 Z
and the primed operator is:
0°’ + 50^’ = 20{S^+S^+S^-^S(S+l)(3S2+3S-1)} . (28)
The effective spin of Fe3 + is 5/2 , so terms to the fourth power 
are required in the Hamiltonian, but higher order terms have zero 
matrix elements. The z axis is defined parallel to the threefold 
axis and x and y are two mutually perpendicular axes. The 
(e, n, £) axes are the axes of the cubic field, and in this reference 
frame z is the (111) axis. To express the Hamiltonian in terms 
of a unique set of axes, chosen to be the trigonal (xyz) axes, the 
(chC) frame of reference must be transformed to the (xyz) frame 
and thus the operators 0^’ and 0^' also. This was done using the 
Euler angles (Edmonds 1957) and the transformation given by Lupei et 
at (1968) which gave the a term as a real element in the Hamiltonian 
matrix (Krebs 1967). An alternative set of Euler angles gives the a 
term as a complex element (Kornienko and Prokhorov 1961). The 
Hamiltonian after transformation is:
H = g3H.S + D^OO + ^  a03 - (a-F)ojj (29)
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where
0^  = %{sz (s3+sf) + is3+sf)sz} . (30)
The two m a g n e t i c a l l y  i n e q u i v a l e n t  s i t e s  ( S e c t io n  2 .2 )  d i f f e r  in  one 
o f  t h e i r  t h r e e  E u le r  a n g le s  b u t  th e  two s i t e s  a r e  m a g n e t i c a l l y  
e q u i v a l e n t  a lo n g  t h e  f i n e  s t r u c t u r e  axes  ( x ,  y ,  z) .
The s p in  m a t r ix  was c a l c u l a t e d  e i t h e r  u s in g  t h e  fo rm u la s  f o r
o r  u s in g  t h e  m a t r ix  e le m e n ts  f o r  t h e  o p e r a t o r s  c o n n e c t in g  th e  v a r io u s
Appendix 1 .
As t h e  o r i e n t a t i o n  o f  t h e  c r y s t a l  i s  v a r i e d  w . r . t .  t h e  m a g n e t ic  
f i e l d ,  t h e  l i n e  p o s i t i o n s  v a ry  and go th ro u g h  e x tre m a  when t h e  f i e l d  
i s  p a r a l l e l  t o  one o f  t h e  f i n e  s t r u c t u r e  axes  ( x ,  y ,  z)  . The 
H a m il to n ia n  p a ra m e te r s  g ,  D, a  and ( a - F )  can be  c a l c u l a t e d  from 
th e  m ag n e t ic  f i e l d s  f o r  r e s o n a n c e  a lo n g  t h e  f i n e  s t r u c t u r e  d i r e c t i o n s .  
The v a r i a t i o n  o f  t h e  e n e rg y  o f  t h e  s p in  s u b l e v e l s  w i th  m a g n e t ic  f i e l d  
i s  shown in  F ig u re  3 .2  f o r  t h e  x and z f i n e  s t r u c t u r e  d i r e c t i o n s .
The z a x i s  i s  u n iq u e  and can be  d i s t i n g u i s h e d  from th e  x and 
y d i r e c t i o n s  which a r e  e q u i v a l e n t .  As a r e s u l t  o f  t h i s  e q u iv a l e n c e ,  
t h e  l i n e s  in  th e  s p e c t ru m  due t o  t h e  i s o l a t e d  io n  w i l l  n o t  move as  
t h e  sam ple i s  r o t a t e d  a b o u t  t h e  t r i a d  a x i s .  The i s o l a t e d  ion  l i n e s  
were u sed  t o  a l i g n  t h e  c r y s t a l  in  t h e  c a v i t y  ( S e c t i o n  5 . 5 ) .
and S_ and e i g e n s t a t e s  | m > ( i n  u n i t s  o f  h )  :
S I M > = MI M ) ,
S+ | m> = {S(S+l ) -M(M+l )}^ |M+l>
S_IM > = {S(S+1)-M(M-1)}^ |M- l> ,
(31)
IM) s t a t e s  g iv e n  by H u tc h in g s  (1 9 6 4 ) .  The s p in  m a t r ix  i s  g iv e n  in
3 .3 .1  T r a n s i t i o n  p r o b a b i l i t i e s
In g e n e r a l ,  t h e r e  w i l l  be  more t h a n  one t r a n s i t i o n  and t h e
En
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Figure 3.2. Variation of the energy of
S =  ^ ion in the presence
in corundum, D = 0.17171 c
(a-F) = 0.03391 cm-1 and
the spin sub-levels for an 
of a magnetic field (Fei+ 
cm“ * , I a j = 0.02 376 cm“ 1
g = 2.003 ).
- 1.0
- 2.0
-3.0 J
- 1.0
- 2.0
Magnetic field in KG
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i n t e n s i t i e s  o f  a l l  t h e s e  t r a n s i t i o n s ,  o r i g i n a t i n g  from d i f f e r e n t  (M) 
s u b - s t a t e s  a r e  n o t  e q u a l ,  The i n t e n s i t y  o f  a t r a n s i t i o n  from s u b s t a t e  
jM> t o  s u b s t a t e  j M—1> i s  a p p ro x im a te ly  p r o p o r t i o n a l  t o  (Abragam 
and B leaney  1970):
S(S+1) -  M(M-l) . (32)
A c c u ra te  t r a n s i t i o n  p r o b a b i l i t i e s  can be c a l c u l a t e d  by e v a l u a t i n g  t h e  
m a t r ix  e le m e n ts  ( C a r r i n g to n  and M cLachlan, 19 5 7 ) :
(33)
f o r  H//Z and
( V  S Z ^ M + 1  > (34)
f o r  H//X . and Sz a r e  t h e  s p in  o p e r a t o r s  and 4^ and
a r e  t h e  e ig e n v e c t o r s  c a l c u l a t e d  a t  th e  r e s o n a n c e  f i e l d  f o r  th e  
t r a n s i t i o n .  The t r a n s i t i o n  p r o b a b i l i t y  (P )  i s  p r o p o r t i o n a l  t o  th e  
s q u a re  o f  t h e s e  m a t r ix  e le m e n t s .
3.4 Hamiltonian expressed in terms of total spin operators
The s e p a r a t e  te rm s  in  t h e  H a m il to n ia n  (1 )  w i l l  now be  combined 
t o  g iv e  t h e  t o t a l  H a m il to n ia n  ( S e c t i o n  3 . 1 ) :
H = H1 * t
gßH.S. + Dc ( s ^ . - i S . . S . )  + 1 /2  T
i
It  \ I I Ö (a- F)0°j + gßH,Sj
j+ d (s2.qs..s.) +c v ZJ 3 ]
1/2 n3H
[t acy \1 8 0  ^a F ) 0 4 + J ( S . . S . )  - j ( S , . S . ) 2
+ DE (3Sz , i Sz , . - S. . S . )  + E(sx , . s x , . - sy , . s y , .) . (35)
I f  t h e  te rm  J  i s  g r e a t e r  t h a n  o t h e r  te rm s  in  e q u a t io n  (35 )  and f o r  
z ’ / / z  » th e  H a m il to n ia n  can be r e w r i t t e n  a s  (Owen 1961) ( n e g l e c t i n g  
th e  f o u r t h  power t e r m s ) :
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where S = S^. + S_. (Section 3.2,1). The operator equivalent factors
a and 3 are given by Owen (1961): s s
as " % (2S-1)(2S+3)
S(S+l)+4Si (Si+lj
(37)
ß = -----------------
s (2S-l)(2S+3)
3S(S+l)-3-4Si (si+l)
(38)
The matrix elements involving different S states, for example
( SM I S I S ’ M ' >z (39)
have been neglected in this representation as they would be small for 
a large J value. As the operator equivalent factors can not be 
calculated easily for the fourth power terms, they have not been 
included in equation (36). However, the effects of including fourth 
power terms such as those required for the single ion Hamiltonian 
were investigated.
Since isotropic exchange (J, j) (Section 3.2.1) causes states
of different S values to have different energies, it has the same
effect on all spin substates |m > of each particular spin manifold
js> . As a result, the magnetic fields of the EPR transitions are
independent of J and j . The isotropic exchange parameters do 
affect the population of each of the S states. From a study of the 
temperature dependence of the intensity of transitions from different 
spin states of the same pair, the isotropic exchange parameters may 
be calculated. This is discussed in Chapter 4.
It is the last two terms in equation (36) which remove the 
degeneracy of the M sub-levels in zero field, while the first term 
removes the remaining degeneracies in the presence of a magnetic field.
3.4.1 Axis pairs
For the trigonally symmetric axis pairs, the E term is zero.
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The Hamiltonian adopted for the first n.n. and first n.n.n. pairs 
(including fourth power terms) was:
H = gßH.S + Ds [s2-1s (S+1)] + ^  ag Oj - ^  (ag-F^oll , (40) 
where D^, ag and are the pair Hamiltonian constants for each
spin state S and
Dc = 3a D + $CD . (41)b b h b e
As the g value for both atoms of the pair were equal and isotropic, 
the pair g value was taken to be that of the single ion lines.
The S values for the coupled spin states vary from 0 to 5 
and spin matrices were calculated for the paramagnetic spin states 
1, 2, 3, 4 and 5 in the representations whose bases were the 
eigenfunctions of the operators . For the spin state 1 , only
Zeeman and D terms appear. The (a-F) term has diagonal elements 
only and may be expected to contribute to the S = 1 matrix but does 
not as the matrix elements of the O4 operator for this case are 
zero.
By locating the fine structure axes (x, y, z) , the magnetic 
fields at the turning points (Section 3.3) can be measured and thus 
the parameters g, Dg, a^ and (a^-Fg) measured,
3.4=2 Off axis pairs
For these pairs, the interionic vector (z') is not parallel to 
the trigonal axis of the crystal (z) . Nor is the interionic vector 
parallel to any other symmetry axis in the crystal and so the EPR z" 
fine structure axis for these pairs need not be parallel to either of 
these axes and the assumptions involved in equation (36) are not 
valid. The x"z" plane can be chosen such that it contains the C3 
axis (z) and the pair axis (z1) . The angle (Figure 3.2) can
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be found using the method of Berggren et at (1969). This gave:
tan2cj)s = sin26/(3sDc/3asDE+cos20j , (42)
where 0 is the angle of the pair axis from the C axis (Section
2 . 2) .
Figure 3.2. Directions of the pair, fine structure and trigonal 
axes in the xz (or x"z" ) plane.
As this equation involves 2cf) , there will be a 9 0° ambiguity in 
which can be resolved by choosing the $ values for which the 
following equality holds:
3otgDEcos (0-(f)g) sin (0-c|>g) = ft^sincj^cosc^ . (43)
When the transformed Hamiltonian is expressed in terms of the basis 
vectors S2 , S^ ,, and (s2u-S2n) , the Hamiltonian becomes:
H gßH.S + Ds [s2„-|S(S+1)] + Es|V„-sZ„] + Y - as oj - 0°, (44)
where
DS = 2asDE^3COs2 + 2^SDc 3^c°s 2^ S-1  ^ (45>
and
Eg = |asDEsin2 (0-cf>s) + ^3sDcsin24>s . (46)
This involved the transformation of the (xyz) and (x’y'z') sets 
of axes to the (x"y"z") axes. The cross terms involving spin 
operators such as S ,,S ,, were set to zero. The term E had beenX Z o
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assumed e q u a l  t o  z e r o .  From e q u a t io n  ( 4 2 ) ,  i t  w i l l  be  n o te d  t h a t  t h e  
v a lu e  o f  (f)g w i l l  be d i f f e r e n t  f o r  each  o f  t h e  s p in  s t a t e s  o f  a
c e r t a i n  p a i r  ( S e c t i o n  7 . 1 . 3 ) .
3 .5  Summary
The e f f e c t  o f  J  and j on t h e  S l e v e l s  was g iv e n .  Fo r  t h e  
M s u b - l e v e l s  o f  a g iv e n  S m a n i f o ld ,  a  method t o  e s t i m a t e  t h e  f i n e  
s t r u c t u r e  p a r a m e te r s  o f  t h e  p a i r s  t h e o r e t i c a l l y  was o u t l i n e d .  The 
two on axis  p a i r s  r e t a i n  th e  t h r e e - f o l d  symmetry and t h e  d i r e c t i o n s  
o f  t h e  f i n e  s t r u c t u r e  ax e s  a r e  t h e r e f o r e  known. For th e  o f f  ax is  
p a i r s ,  t h e  d i r e c t i o n s  o f  t h e  f i n e  s t r u c t u r e  ax es  a r e  n o t  e a s i l y  
d e te rm in e d  and t h e  p a i r  a x i s  w i l l  n o t  in  g e n e r a l  be one o f  t h e  f i n e  
s t r u c t u r e  a x e s  f o r  t h e s e  p a i r s .
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CHAPTER 4
TEMPERATURE DEPENDENCE OF THE TRANSITION INTENSITY
Variations in the intensities of pair EPR transitions with 
temperature are shown to depend mainly on the isotropic exchange 
coupling coefficients. The effects of non-degeneracy of the M 
sub-levels on the intensities of the transitions are given. Three 
methods can be used to obtain the isotropic exchange parameters from 
experimental data. A plot of In intensity of a transition against 
(1/T) gives3 in the low temperature limit3 the energy of the level 
from which the transition originated3 above the ground state of that 
pair. This method is used in Section 6.2.3. A plot of the in of the 
ratio of the intensities of two transitions against reciprocal 
temperature will give the separation between the levels associated 
with each of these transitions if a straight line is obtained. This 
method can also be used to distinguish lines from different pairs of 
a complex system. As the partition functions for different pairs 
are3 in general3 different3 curves will result when transitions from 
different pairs are divided3 compared with straight lines for 
transitions from the same pair. This is used in Chapter 7 to 
distinguish transitions from different pairs. Finally3 individual 
intensity-temperature curves can be fitted to obtain the exchange 
constants. For the complex system investigated here3 this was useful 
only after the transitions had been assigned to pairs and spin states. 
This method is used in Chapter 8 to obtain isotropic exchange constants.
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4.1 Temperature dependence of intensity
The separations between states of total spin S depend only on 
the values of J and j , for values of J large compared with the 
splittings within the S manifolds. For this case, EPR transitions 
will be observed only within each spin manifold and the intensity of 
each of these transitions will be proportional to the population in 
the S state, determined by J, j and the temperature. As the 
temperature is varied, the population in each of the S states 
varies and so the intensities of the EPR transitions vary. By 
studying the intensities of the EPR transitions as a function of 
temperature, the values of J and j can be calculated.
Assuming all the sub-levels of each S manifold to be degenerate, 
the population of the S manifold is given by (Owen 1961):
Ns = exp(-Ws/kT)/Z (1)
where Z is the partition function for the S states
Z = I (2S+l)exp(-WQ/kT) . (2)
S b
The variation of this population with temperature is shown in Figure
4.1 for J positive (antiferromagnetic coupling) and J negative 
(ferromagnetic coupling), both with j zero.
4.1.1 Correction for non-degeneracy of M sub-levels and dependence 
of transition intensity on population difference between two of
these levels
Due to the terms in the Hamiltonians (equations 3.40 and 43), the 
(2S+1) sub-levels of each spin state S are not degenerate (see 
Figure 4.2). Consider an EPR transition between the two spin sub­
states i and j . The separation between these two sub-levels is 
necessarily hv . The population of the ground level is proportional
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Figure 4.1. Variation of population of exchange coupled pair spin 
states with temperature for:
(a) antiferromagnetic coupling at two f spins, and
(b) ferromagnetic coupling of two | spins 
only including quadratic exchange.
(a) Antiferromagnetic coupling (b) Ferromagnetic coupling
(J = 10 cm-1) (J = -10 cm-1)
t
energy
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S = 4
S = 3
S = 2
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S=5 W5
S=4 W4
S=3
S=2
S=1 Wx
S=0 ---------------- W0
(a) S levels and M sub-levels.
n w r r
hv
n. w.3 3
n. w.l l
no w0
(b) M sub-levels
Figure 4o2„ Energies of the M sub-levels w.r.t, the S levels and
an EPR transition of energy hv between two M sub-levels.
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t o  Ng b u t  n o t  e q u a l  t o  i t  because  the  d e g e n e ra c ie s  have been
removed.  The r a t i o  o f  th e  p o p u l a t i o n  i s  any s u b - l e v e l  r  t o  t h a t  in 
the  low es t  s u b - l e v e l  0 i s
n_^
~  = exP { - [wr “w0) /kT } (3)
where w_^  and wo a re  t a k e n  w . r . t .  the  c e n t r e  o f  g r a v i t y  o f  t h e  S 
m a n i fo ld .  T h e re fo re :
nr  = n 0exp{-(w^-w0] / k T } . (4)
Summing g i v e s :
l ^  = I n0exp(-^ wr-w0)/kT}
r  r
o r
(5)
where
f  = I e x p { - (w^ - wq) /kT} (5)
r
i s  th e  p a r t i t i o n  f u n c t i o n  o f  the  s u b - s t a t e s .  However, £ n_^  = Ng
r
g iv i n g :
^0 (7)
The i n t e n s i t y  o f  t h e  EPR t r a n s i t i o n  between the  two s u b - l e v e l s  i s  
p r o p o r t i o n a l  t o  t h e  p o p u l a t i o n  d i f f e r e n c e  between the  two l e v e l s  
( G a r i f u l l i n a  e t  a t  1970):
I = h v ( n . - n  , ( 8 )
where P . . i s  th e  t r a n s i t i o n  p r o b a b i l i t y  (see  S e c t io n  3 . 3 . 1 )  f o r  t h e
J
s u b - s t a t e s  i  and j . Applying e q u a t io n  (4)  aga in  g iv e s :
n i  = n 0exp{-(wi -w0)/kT} ( 9 )
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and
n. = n .exp(-hV/kT): i
= noexp{-(w ^-w q )/kT}exp(-hV/kT) .
Subtracting equation (10) from (9) gives:
n^ - n_. = n0exp{-(w ^-w q )/kT} - npexp{-(w ^-w q) /kT}exp{-hV/kT}
= n0exp{-(w ^-Wq) /kT}{l-exp(-hv/kT)} .
Substituting this into equation (8) gives:
I = hVnQexp{-(w^-w0)/kT}{l-exp(-hv/kT)}P^ _.
exp{-(w^-w0)/kT}{l-exp(-hv/kT)}
(10)
Z exp(- (w -w0j/kT} N P..hv S 13
(11)
(12)
A more suitable form of this equation is for the energies of the 
sub-states to be taken w.r.t. the centre of gravity of the sub-states 
as the zero of energy. This leads to:
exp(-w./kT){1-exp(-hv/kT)}
I = Z exp[-w /kTj N0P..hv S l]
= CN_P..hv S 13
(13)
(14)
where w_^  is the separation from the centre of gravity of the sub-
levels, taken as zero. From this equation it can be seen that the 
intensity depends not only on and hv but also on the separation
of the sub-levels i from the zero, as well as the partition 
function. These corrections:
exp [—w ./kT;{1-exp(-hv/kT)}
C = Z expl-w /kTj (15)
will be referred to as the Zeeman corrections and apply to isolated
ion spin states as well as pair spin states.
If the separations between these sub-levels are small compared
with kT , i.e. w < kT , then: r
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exp (-w^/kT) -► 1
and
£ exp(-w^/kT) -*■ (2S+1) .
Hence
{l-exp(-hV/kT)}P..hv
I = ___ 1_ _ _ _ _ _ _ iJL_(2S+1)Z (16)
To a first approximation, the experimental intensity temperature 
curves may be divided by the single ion line which shows Curie Law 
behaviour (temperature dependence of (l-exp(-hv/kT)} } which has its 
Zeeman corrections applied. This line also served as a standard to 
eliminate instrument fluctuations. Dividing the intensity of the 
pair lines by the single ion line gives:
I' = exp(-Ws/kT)exp(-w./kT)p.^hv/Zf . (17)
For refinement, the curves require division by the other Zeeman 
terms:
C ’ = exp(-wi/kT)/f (18)
which require identification of the transition as well as a detailed 
knowledge of the manner in which the sub-levels split in the presence 
of the magnetic field.
4.1.2 Effect of magnetic field
The energies of the spin sub-levels vary with magnetic field due 
to the Zeeman term in the Hamiltonian (equation 3.36). The sub-levels 
with positive M values increase in energy as the magnetic field 
increases while those with negative M values decrease w.r.t. the 
centre of gravity of the sub-levels. The partition function (Z) 
for the S levels is independent of the magnetic field by definition. 
In calculating the partition function Z , the energy of the M
57
s u b - l e v e l s  a r e  t a k e n  w . r . t .  t h e  S l e v e l s  w hich a r e  a t  t h e  c e n t r e  o f  
g r a v i t y  o f  t h e  s u b - l e v e l s .  The v a r i a t i o n  o f  t h e  p a r t i t i o n  f u n c t i o n  
f  w i th  m a g n e t ic  f i e l d  i s  n o t  s i g n i f i c a n t  ( v a r i a t i o n  o f  0.4% be tw een  
1000 and 7000 G ) .
4.2 Experimental determination of exchange parameters from the 
variation of intensity of EPR lines with temperature
E x p e r im e n t a l l y ,  t h e  i n t e n s i t y  o f  t h e  EPR t r a n s i t i o n  a s  a f u n c t i o n  
o f  t e m p e r a tu r e  f o l lo w s  e q u a t io n  ( 1 3 ) .  Both P_^ _. and hV a re
in d e p e n d e n t  o f  t e m p e r a t u r e  and t h e  f a c t o r  1 -  e x p ( -h v /k T )  can be 
removed by d i v i d i n g  by one o f  t h e  s i n g l e  io n  l i n e s .  To a f i r s t  
a p p ro x im a t io n ,  t h e  o t h e r  te rm s  in  t h i s  e q u a t io n  can be n e g l e c t e d  and 
th e  e x p e r im e n ta l  i n t e n s i t y  i s  t h e n  p r o p o r t i o n a l  t o  , g iv e n  by
e q u a t io n  ( 1 ) .  The p a ra m e te r s  J  and  j can be  found  by t h e  f o l l o w ­
in g  m e th o d s :
Method 1:
Each i n t e n s i t y - t e m p e r a t u r e  cu rv e  may be f i t t e d  t o  e q u a t io n  (1 )  
b u t  i f  b i q u a d r a t i c  exchange  i s  s i g n i f i c a n t ,  t h e n  t h e r e  may be more 
th a n  one s e t  o f  S , J  and j v a lu e s  t o  f i t  each  c u rv e .  At l e a s t  
two c u rv e s  from each  p a i r  must be f i t t e d  t o  o b t a i n  b o th  J  and j . 
I f  t h e r e  a r e  l i n e s  from  more th a n  one p a i r  in  t h e  s p e c t ru m ,  th e n  t h i s  
m ethod , by i t s e l f ,  i s  o f  l i t t l e  u s e .  The use  o f  t h i s  method i s  
d i s c u s s e d  in  S e c t io n  4 . 2 . 1 .
Method 2:
The In  o f  t h e  a c c u r a t e  t e m p e r a tu r e  c u rv e  may be p l o t t e d  a g a i n s t  
(1 /T )  ( s e e  S e c t io n  4 . 2 . 2 )  and t h e  s lo p e  o f  t h i s  c u r v e ,  in  t h e  
low te m p e r a tu r e  l i m i t  (w^ < k T ) , g iv e s  d i r e c t l y  t h e  s e p a r a t i o n  o f
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t h a t  s t a t e  from  t h e  g round s t a t e  o f  t h a t  p a i r  sy s te m . I f  th e  
s e p a r a t i o n  o f  t h e  s t a t e s  i s  to o  s m a l l ,  th e n  th e  a p p ro x im a t io n  b r e a k s  
down and in  f a c t  o f t e n  l e a d s  t o  n e g a t i v e  s e p a r a t i o n s  from th e  ground 
s t a t e  ( S e c t i o n  4 . 2 . 2 ) .  As i t  i s  t h e  summation te rm  in  e q u a t io n  (1 )  
which l e a d s  t o  t h e  breakdown in  t h e  a p p ro x im a t io n ,  i t  was found t o  be 
d e s i r a b l e  t o  use  Method 3.
Method 3.
The i n t e n s i t y - t e m p e r a t u r e  c u rv e s  o f  t h e  two t r a n s i t i o n s  
were d i v id e d  and In  r a t i o  o f  t h e  i n t e n s i t i e s  was p l o t t e d  a g a i n s t  
(1 /T )  . T h is  in v o lv e d  no a p p ro x im a t io n  c o n c e rn in g  t h e  en e rg y
l e v e l s ,  o n ly  t h e  e f f e c t  o f  t h e  m a g n e t ic  f i e l d  on t h e  p a r t i t i o n  
f u n c t i o n s  and t h i s  h a s  been  shown ( S e c t i o n  4 . 1 . 2 )  t o  be  n e g l i g i b l e .
I t  c o u ld  a l s o  be u se d  t o  d i s t i n g u i s h  be tw een  t r a n s i t i o n s  from 
exchange  c o u p le d  l e v e l s  o f  d i f f e r e n t  p a i r s  a s  w e l l  as  g i v in g  th e  
s e p a r a t i o n  be tw een  l e v e l s  w i t h i n  t h e  same p a i r  sy s te m . The use  o f  
t h i s  method w i l l  be  d i s c u s s e d  in  S e c t io n  4 . 2 . 3 .
4 . 2 . 1  I n t e n s i t y - t e m p e r a t u r e  c u rv e s
When l i n e s  from  o n ly  one p a i r  a r e  v i s i b l e  i n  a s p e c t ru m ,  th e  
s p in  s t a t e s  be tw een  whose s u b - l e v e l s  t h e  t r a n s i t i o n s  o c c u r  can be 
g u e sse d  o r  c a l c u l a t e d .  By com paring  t h e  v a r i a t i o n  w i th  t e m p e ra tu re  
o f  th e  i n t e n s i t y  o f  t h e  t r a n s i t i o n  w i th  t h e o r e t i c a l  c u r v e s ,  t h e  
exchange c o u p l in g  c o n s t a n t  can be c a l c u l a t e d .  T h is  i s  o f t e n  done by 
a v i s u a l  com par ison  o f  t h e  e x p e r im e n ta l  and t h e o r e t i c a l  c u rv e s  o r  by 
a n u m e r ic a l  f i t t i n g  p r o c e d u r e .  T h is  in v o lv e d  c a l c u l a t i n g  t h e  sums o f  
t h e  s q u a re s  o f  t h e  d i f f e r e n c e s  be tw een  th e  e x p e r im e n ta l  and c a l c u l a t e d  
c u rv e s  and m in im iz in g  t h i s  q u a n t i t y  by use  o f  SIMPLX ( S e c t i o n  5 . 7 ) .
The p a ra m e te r s  v a r i e d  were J ,  j  and a s c a l i n g  f a c t o r ,  e q u a l  t o  th e  
r a t i o  o f  t h e  c a l c u l a t e d  t o  t h e  e x p e r im e n ta l  i n t e n s i t y .  For th e
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F e 3+/ A l 2 C>3 sy s tem  s t u d i e d ,  t h i s  method p ro v ed  t o  be u s e f u l  o n ly  
a f t e r  a s s ig n m e n t  t o  s p in  s t a t e s  had  been  made and a p p ro x im a te  
exchange c o n s t a n t s  c a l c u l a t e d .
4 .2 .2  Ln I vs (1 /T ) g rap h s
E q u a t io n  (17 )  was r e q u i r e d  in  an a l t e r n a t i v e  form from w hich 
s e p a r a t i o n s  c o u ld  e a s i l y  be  c a l c u l a t e d  w i th o u t  assum ing  an S v a lu e .  
For a t r a n s i t i o n  b e tw een  s u b - l e v e l s  i  and j , t h i s  e q u a t io n  may be  
r e a r r a n g e d  by t a k i n g  t h e  N a p ie r i a n  lo g a r i th m  o f  b o th  s i d e s  g i v in g :
In  1^ = In  exp(-W g/kT) + I n  exp(-w ^/kT ) + l n ( P ^ h v )  + l n ( Z f )
= -Wg/kT -  wVkT + l n ( P ^ h v )  + l n ( Z f )  . (19)
L n(P ^ .hv )  i s  a c o n s t a n t  b u t  l n ( Z f )  need  n o t  be a c o n s t a n t  w i th
v a r y in g  t e m p e r a t u r e .  At low t e m p e r a t u r e s ,  Wg/kT w i l l  be  l a r g e  and
exp(-W /kT) s m a l l ,  t h e r e f o r e  Z i s  n e g l i g i b l e .  From t h e  s lo p e  o f
O
t h e  low t e m p e r a tu r e  l i m i t  o f  a p l o t  o f  lo g  N a g a i n s t  1 /T  an 
e s t i m a t e  o f  t h e  q u a n t i t y  -Wg/kT i s  o b t a i n e d :
s lo p e  = -Wg/k
and t h e r e f o r e :
W = - s l o p e  * k (cm ^) . (20)
O
Curves from d i f f e r e n t  s p in  s t a t e s  a r e  d i f f e r e n t  so  t h a t  i t  i s  
p o s s i b l e  t o  p i c k  o u t  c u rv e s  from  t h e  same s p in  s t a t e .
For J  p o s i t i v e ,  t h e  W v a lu e  where th e  a p p ro x im a t io n  b r e a k s
O
down i s  ^  kT The r e s u l t  f o r  J  = +10 cm ^ a r e  shown in  F ig u re
4 .3  and t a b u l a t e d  i n  T ab le  4 . 1 .  I t  i s  se en  t h a t  t h e  s e p a r a t i o n s  from 
t h e  ground s t a t e  a r e  u n d e r e s t im a t e d .  I f  t h e  exchange  c o u p l in g  i s  
f e r r o m a g n e t i c ,  t h e  a p p ro x im a t io n  h o ld s  t o  much s m a l l e r  J  v a lu e s  as 
t h e  s p in  s t a t e  c l o s e s t  t o  t h e  group s t a t e  i s  S = 4 . T h is  s t a t e  i s
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Figure 4.3. Variatioh of ln(I?) with (1/T) for (a) antiferromagnetic 
(b) ferromagnetic coupling of two spin | states.
0 .1-
. 01H
.001
Reciprocal Temperature
(a) J and j+10 cm (b) J -10 cm and j = 0
Table 4. Theoretical and measured separations from the ground state for 
(a) antiferromagnetic and (b) ferromagnetic coupling of two
spin 5/2 states.
(a) J = +10 cm 1 it o (b) J = -10 cm 1 , j = 0
Spin Theoretical Measured Spin Theoretical Measured
state separation 
(cm 1)
separation 
(cm x)
state separation 
(cm 1)
separation 
(cm 1)
0 0 * 0 150
1 10 * 1 140 125
2 30 15 2 120 108
3 60 45 3 90 83
4 100 81 4 50 48
5 150 117 5 0 *
* The curve has reverse slope in the low temperature limit.
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5J above t h e  ground s t a t e .  The r e s u l t s  f o r  J  = -10 cm ^ a r e  shown 
i n  F i g u r e  4 .3  and T a b le  4 . 1 .  Spin s t a t e s  which a r e  ground  s t a t e s ,  o r  
a r e  c l o s e  t o  t h e  ground s t a t e  have p o s i t i v e  s l o p e  in  t h e  low 
t e m p e r a t u r e  l i m i t  ( " r e v e r s e  s l o p e " ) .  These g r a p h s  w i l l  be  r e f e r r e d  
t o  as  In  t e m p e r a t u r e  c u r v e s .
4 . 2 . 3  Ln r a t i o  o f  t e m p e r a t u r e - i n t e n s i t y  c u rve s
C o n s i d e r  a t r a n s i t i o n  o r i g i n a t i n g  from s u b - l e v e l  i  w i t h i n  t h e  
s p i n  m a n i f o l d  S from p a i r  1 and a n o t h e r  t r a n s i t i o n  o r i g i n a t i n g  
from s u b - l e v e l  m w i t h i n  t h e  s p i n  m a n i f o ld  R o f  p a i r  2 ( s e e  
F i g u r e  4 . 4 ) .
S
j
R -
l
F i g u r e  4 . 4 ,  O r i g i n s  o f  t r a n s i t i o n s  i n  t h e  s p i n  l e v e l s  S and R .
The i n t e n s i t y  o f  t h e  t r a n s i t i o n  in  t h e  S m a n i f o ld  i s  g iv e n  by:  
Ig  = exp( -Wg/kT)exp ( -w ^/kT)P^^hv /Zxfg  (21)
and f o r  t h e  t r a n s i t i o n  in  t h e  R m a n i f o l d :
I I  = exp(-W /k T )e x p  (-w /kT)P  hV/Z2f D . (22)R r  ^ R y j r v m '  mn  ^ R
D i v i d i n g  e q u a t i o n  (21)  by e q u a t i o n  (22 )  g i v e s :
I' exp(-Ws / k T ) e x p ( - w . / k T ) P . . Z 2f R
IT = exp(-W / k T I e x p ( - w  /kTJP Z j f  R r  K R '  r  v m ; mn 1 S
= e x p { - ( w s -WR) / k T f e x p ( - ( w . - w m) / k T } P . . Z 2f R/ P iiinZ1f s  . (23)
T h e r e f o r e :
l n ( l ' / q )  = -(ws -WR)/kT  -  ( w . - w J / k T
-  l n ( Z i / Z 2 ) -  m ( f R/ f s ) + (24)
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which is in the form y = ax + b if the lines are from the same pair 
(i.e. = Z2 ), so plotting ln(lg/I^) against 1/T gives a
straight line with slope equal to - (w -W )/k . The separation
O I\
(ignoring the Zeeman terms) is:
(WS-WR) = -k * slope (cm 1j . (25)
By least squares (Carnahan et at 1969) fitting a straight line 
through these points, a variance for the fit was obtained. From 
this, the variance for the slope and intercept were calculated.
As
seprn = -slope * k , 
-k .d( seprn) d(slope) (26)
Using the general formula for the error in one quantity, calculated 
from another (Carnahan et dl 1969):
var(seprn) var(slope) * d(seprn)\ d(slope)J
= k2 * var(slope) cm 1 . (27)
Separations obtained in this manner were used in conjunction 
with the In temperature curves (Section 4.2.2) to assign 
transitions to spin states and pairs (see Section 7.3 and Chapter 8). 
4.2.3,1 Dividing curves from within spin manifolds of different pairs 
In this case, the partition functions Z\ and Z2 of equation 
(24) are different and the ln(Z]_/Z2) will vary with temperature if 
Z]_ 5* Z2 . In this case, if Z\ and Z2 are sufficiently different, 
then a plot of ln(lg/I^) against 1/T will not give a straight
line but a curve. Thus, if the spectrum consists of lines from only 
one pair, straight lines only should be obtained when the 
intensities of the lines are divided by one another. On the other
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hand, if more than one pair is present, then when the intensities of 
transitions are divided by one another and curves result, these 
transitions may be assigned to different pairs. In this way, lines 
from different pairs were identified (Section 7.3).
4.3 Summary and discussion
Three methods have been outlined which were used to find the 
separations between different levels of the same pair as well as 
distinguishing transitions from different pairs.
Method 1 involved fitting theoretical curves through the 
experimental intensity temperature data points and so finding the 
isotropic exchange constants.
The In of the intensity of the transitions was plotted against 
reciprocal temperature in method 2. The slope of the curve in the 
low temperature limit gave the energy of the level from which the 
transition originated above the ground state of that pair. When 
Wg < T, the correct energy is not obtained and for Wg slightly less
than kT , the energy may be under-estimated. If Wg << T, the energy
will be of the incorrect sign.
To overcome the problems involved with the use of method 2, 
method 3 was developed. This involved dividing the intensities of 
two transitions at different temperatures and plotting In of the 
ratio of intensities against (1/T) . There was no assumption made 
about Wg in this method and as the plot was a straight line when 
the transitions were from the same pair, a least squares fit giving 
the energy separation and standard deviation could easily be obtained. 
A further advantage of this method was that it allowed transitions 
from different pairs to be distinguished as the plot obtained in this
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c a s e  was a c u rv e  and n o t  a s t r a i g h t  l i n e .
For t h e  corundum sy s te m  where t h e  two a x i s  p a i r s  have  th e  same 
symmetry and can n o t  be d i s t i n g u i s h e d  by no rm a l m eth o d s ,  t h e  l a t t e r  
method was found  s u c c e s s f u l  f o r  i d e n t i f y i n g  t r a n s i t i o n s  from t h e  
two p a i r s .  Used in  c o n ju n c t io n  w i th  m ethods 1 and 2 ,  t r a n s i t i o n s  
c o u ld  be a s s ig n e d  t o  s p in  s t a t e s  and exchange c o n s t a n t s  c a l c u l a t e d .
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CHAPTER 5 
EXPERIMENTAL
The chapter begins by describing the EPR spectrometer and the 
temperature apparatus used. This is followed by details of the 
crystals used as well as the methods of mounting and aligning them in 
suitable orientations to perform the experiments. Later sections 
deal with the apparatus used for spinning the crystals in the cavity 
and the computing facilities.
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5.1 Basic spectrometer
E x p e r im en ts  were p e rfo rm e d  on a V a r ia n  V-4502-15 X-band 
r e f l e c t i o n  s p e c t r o m e te r .  T h is  i n s t r u m e n t  has  a f i x e d  microwave 
f re q u e n c y  and a v a r i a b l e  " s t a t i c "  m a g n e t ic  f i e l d .  An e l e c t r o m a g n e t  
p r o v id e d  t h e  s t a t i c  m a g n e t ic  f i e l d ,  t h e  s t r e n g t h  o f  which c o u ld  be 
v a r i e d  from a few t e n s  o f  gau ss  (G) t o  11000 G w i th  t h e  V a r ia n  
F i e l d i a l .  A V ar ian  V-4531 M u l t ip u rp o s e  r e c t a n g u l a r  c a v i t y ,  o p e r a t i n g  
in  t h e  TE^o2 mode, was u sed  t o  a l lo w  v a r i a b l e  t e m p e r a t u r e  s t u d i e s .  
The o s c i l l a t i n g  m a g n e t ic  f i e l d  o f  t h e  microwave r a d i a t i o n  was 
p e r p e n d i c u l a r  t o  t h e  s t a t i c  m a g n e t ic  f i e l d .  The f r e q u e n c i e s  u se d  
r a n g e d  from 9 .0 6  t o  9 .5 3  GHz . I n t e r m e d ia t e  f r e q u e n c i e s  were 
o b t a i n e d  by a d j u s t i n g  t h e  i n s e r t i o n  d e p th  o f  a  s i l i c a  tu b e  i n  t h e  
c a v i t y .
The s p e c t r o m e te r  u sed  f i e l d  m o d u la t io n  fo l lo w e d  by p h ase  
d e t e c t i o n  a t  100 KHz . The f i r s t  d e r i v a t i v e  a b s o r p t i o n  s i g n a l  was 
d i s p l a y e d  e i t h e r  on an o s c i l l o s c o p e  sw ept s y n c h ro n o u s ly  w i th  an aud io  
f r e q u e n c y  f i e l d  m o d u la t io n ,  o r  on a V a r ia n  F-80 AM X-Y r e c o r d e r  swept 
in  p r o p o r t i o n  t o  t h e  main m a g n e t ic  f i e l d .  Only r e c o r d e r  d i s p l a y  was 
u se d  f o r  t h e  seco n d  d e r i v a t i v e  o f  t h e  a b s o r p t i o n  s i g n a l .
E s t im a te s  o f  t h e  f r e q u e n c y  were o b t a in e d  from a w av em ete r ,  w h i le  
f o r  a c c u r a t e  f r e q u e n c y  m e a su re m e n ts ,  a  H e w le t t  P ack a rd  5245 L 
F requency  C o u n te r  w i th  a  5257 A T r a n s f e r  O s c i l l a t o r  was u s e d .  
F re q u e n c ie s  were e s t i m a t e d  t o  be a c c u r a t e  t o  6 p a r t s  in  10 ,
b a s e d  on c o m p ar iso n s  w i th  t h e  h ig h  s t a b i l i t y  q u a r t z  o s c i l l a t o r s  in  a 
Monsanto 114 A F requency  C o u n te r  and a Rohde and Schwarz SMDH 
f re q u e n c y  s y n t h e s i s e r .  M easurem ents o f  t h e  m a g n e t ic  f i e l d  w ere  
o b t a i n e d  from a p r o to n  r e s o n a n c e  p ro b e  p o s i t i o n e d  b e s id e  t h e  c a v i t y .  
The p r o to n  r e s o n a n c e  f r e q u e n c y  from t h e  p ro b e  was d e te rm in e d  on t h e
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5245 L F requency  C o u n te r .
S p e c t r a  were d i s p l a y e d  on th e  o s c i l l o s c o p e  t o  a i d  a l i g n i n g  t h e  
c r y s t a l  in  t h e  c a v i t y .  When t h e  i n t e n s i t y  o f  p a i r  peaks  was 
r e q u i r e d ,  t h e  s p e c t r a  w ere  r e c o r d e d  on c h a r t s  w h i le  sw eep ing  t h e  
m a g n e t ic  f i e l d .  The f r e q u e n c y  was n o te d  a t  each  end o f  t h e  c h a r t  and 
any d r i f t  was assumed t o  be  l i n e a r .  The m a g n e t ic  f i e l d  was n o te d  a t  
two p o s i t i o n s  on th e  c h a r t  and t h e  m a g n e t ic  f i e l d  a t  any g iv en  p o i n t  
o b t a i n e d  by i n t e r p o l a t i o n .  The r e c o r d e r  sc an  was found  t o  be 
p r o p o r t i o n a l  t o  t h e  f i e l d  in  t h e  r e g i o n  500 t o  11000 G .
No s a t u r a t i o n  o f  t h e  s i g n a l s  o c c u r r e d  a t  t h e  power l e v e l s  u se d  
(-3dB from an e s t i m a t e d  150 m i l l i w a t t s  i n c i d e n t  on t h e  c a v i t y ) .
The a m p l i tu d e  o f  t h e  h ig h  f r e q u e n c y  m o d u la t io n  was s u f f i c i e n t l y  
s m a l l  compared w i th  t h e  l i n e  w id th  (30 t o  200 G ) t o  e n a b le  
m o d u la t io n  d i s t o r t i o n  t o  be ig n o re d  (P o o le  196 7 ) .  Care was a l s o  
t a k e n  n o t  t o  d i s t o r t  t h e  s p e c t r a  by sw eeping  t h e  m ag n e t ic  f i e l d  a t  
t o o  g r e a t  a  r a t e .
5.2 Temperature control and measurement
To m easure  t h e  v a r i a t i o n  o f  t h e  i n t e n s i t y  and p o s i t i o n  o f  t h e  
l i n e s  in  th e  s p e c tru m  as a f u n c t i o n  o f  t e m p e r a t u r e , a  w id e , 
c o n t in u o u s  t e m p e r a tu r e  r a n g e  was r e q u i r e d .  T e m p era tu re s  in  t h e  r a n g e
2 .2  K t o  ^360 K w ere  o b t a i n e d  by u s i n g ,  where a p p r o p r i a t e ,  an 
Andonian l i q u i d  h e l iu m  dew ar ,  a h e l iu m  gas f lo w  tu b e  o r  t h e  V a r ia n  
v a r i a b l e  t e m p e r a tu r e  a p p a r a t u s .
T em p era tu re s  from  V97 t o  ^360 K were o b t a i n e d  u s in g  t h e  
V a r ia n  a p p a r a t u s .  To o b t a i n  t h e s e  t e m p e r a t u r e s ,  n i t r o g e n  gas  was 
p a s s e d  th ro u g h  h e a t  e x c h a n g in g  c o i l s  submerged in  a  l i q u i d  n i t r o g e n  
b a t h  and th e n  th ro u g h  a s h o r t  e v a c u a te d  t r a n s f e r  t u b e  t o  t h e  c a v i t y
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dewar. This silica dewar, used to thermally insulate the sample from 
the cavity, contained in its lower section a heater and a platinium 
sensor to control the temperature. Temperatures were measured using 
a copper constantan thermocouple, placed in the cavity about 5 m.m. 
from the sample. The stability of temperature control was ±0.5 K .
Boil off from a liquid helium storage dewar through a flexible 
transfer line and then to a silica dewar in the cavity, gave 
temperatures from 21 K to room temperature (293 K) . The boil off 
from the storage dewar was controlled by varying the voltage applied 
to a heater in the dewar. Temperatures below 21 K could not be 
obtained because of accumulated heat losses between the storage dewar 
and the cavity. The losses due to the cavity dewar were minimized by 
regular evacuation.
Temperatures were again measured by a copper constantan 
thermocouple placed in the cavity about 5 m.m. from the sample. 
Temperature stability to within ±0.5 K was obtained. For 
temperatures above 150 K , the boil off rate was very low and 
temperatures were stable to approximately ±2 K so the Varian 
variable temperature apparatus was used, but with the helium flow 
tube dewar replacing the Varian variable temperature dewar to maintain 
a constant cavity frequency.
With the Andonian liquid helium dewar, the temperature 
corresponding to the boiling point of helium (4.158 K, 720 mm Hg) 
and the lambda point of helium (2.1720 K) (White 1968) were obtained. 
During experiments at the lambda point, the helium was nucleating at 
the goniometer platform and so the temperature here is at the lambda 
point. The short distance between this and the crystal (*V2 m.m.) 
and the high thermal conductivity of sub-lambda helium leads to the 
estimate of the range 2.07 to 2.17 K for measurements quoted at
69
t h e  lambda p o i n t .
5.3 Materials and crystal growth
S y n t h e t i c  c r y s t a l s  o f  corundum were p r e f e r r e d  t o  n a t u r a l  
c r y s t a l s  as  t h e  amounts o f  i m p u r i t i e s  p r e s e n t  c o u ld  be  c o n t r o l l e d .  
S y n t h e t i c  c r y s t a l s  grown by t h e  f l u x  method were o b t a i n e d  from  Dr 
J .  Fe rguson  ( A u s t r a l i a n  N a t io n a l  U n i v e r s i t y ) .  The c r y s t a l s  were 
grown by Dr P .E . F i e l d i n g  ( U n i v e r s i t y  o f  New E n g la n d ,  A rm ida le )  from 
a m e l t  which c o n ta in e d  PbO, B2O3 , AI2O3 and Fe203 (F e rg u so n  and 
F i e l d i n g  1 9 7 2 ) .  The t o t a l  c o n c e n t r a t i o n  o f  i r o n  in  t h e  c r y s t a l s  was 
d e te rm in e d  by a to m ic  a b s o r p t i o n  s p e c t r o p h o to m e t r y .
The c r y s t a l s  grew in  b o th  rh o m b o h e d ra l  form  and a s  p l a t e s ,  th e  
fo rm e r  b e in g  p r e f e r r e d  f o r  EPR e x p e r im e n ts  due t o  t h e  l a r g e r  volume. 
C r y s t a l s  v a r i e d  in  s i z e  from  a p p ro x im a te ly  4 t o  20 mg .
C o n c e n t r a t i o n s  in  t h e  c r y s t a l s  ra n g e d  from 0 .5  t o  11 .6  atoms% 
(0.14% t o  3% by w e i g h t ) .  O p t i c a l l y  o n ly  F e 3+ c o u ld  be  d e t e c t e d  
b u t  EPR showed s m a l l  amounts o f  o t h e r  i m p u r i t i e s ,  in  p a r t i c u l a r  Mn , 
t o  be p r e s e n t  in  t h e  sam ple o f  c o n c e n t r a t i o n  0.5% . For t h i s  r e a s o n ,  
sam p les  c o n ta i n in g  2 . 8% o f  i r o n  were m a in ly  u se d  in  t h e  e x p e r im e n t s .  
A l l  c r y s t a l s  were y e l lo w  and c o n ta in e d  F e 3+ a s  t h e  m a jo r  im p u r i ty  
and t h e  amount o f  i r o n  p r e s e n t  a s  Fe2+ was b e l i e v e d  t o  be v e ry  
s m a l l  ( s e e  S e c t io n  2 . 2 . 1 ) .
5.4 Morphological and optical properties of corundum
*
The c r y s t a l s  u se d  in  t h e  e x p e r im e n ts  had two w e l l  d e v e lo p e d  
f a c e s .  The m i l l e r  i n d i c e s  o f  t h e s e  f a c e s ,  r e f e r r e d  t o  t h e  h e x a g o n a l  
c r y s t a l l o g r a p h i c  a x e s ,  a r e  t h e  (0001) and (1011) . As th e  
(0001) f a c e  was p e r p e n d i c u l a r  t o  t h e  C3 a x i s ,  i t  was t h e  p r e f e r r e d
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f a c e  f o r  m o un ting . The p l a t e s  u se d  had (0001) f a c e s .  The (0001) 
f a c e  had  t r i a n g u l a r  marks on th e  s u r f a c e  and so  c o u ld  be d i s t i n g u i s h e d  
from t h e  o t h e r  f a c e .  The (0001) p la n e  was v e r i f i e d  by u se  o f  t h e  
o p t i c a l  m ic ro sc o p e  (W in c h e l l  1 9 5 4 ) .  I s o g y r e s  c o u ld  be se en  in  t h e  
sam p les  and d id  n o t  move when t h e  sam p les  were r o t a t e d  ab o u t  t h e  C3 
a x i s .
5.5 Crystal mounting and variation of sample orientation
As t h e  t r i a d  a x i s ,  and so  one o f  t h e  f i n e  s t r u c t u r e  a x e s ,  o f  t h e  
c r y s t a l  was p e r p e n d i c u l a r  t o  t h e  m o rp h o lo g ic a l  ( 0001) f a c e ,  t h i s  
f a c e  c o u ld  be u se d  f o r  m oun ting  t h e  c r y s t a l s ,  w i th  no p r i o r  p r e p a r a t i o n  
o f  t h e  sam p les  b e in g  n e c e s s a r y .  The (0001) f a c e  was s tu c k  e i t h e r  
d i r e c t l y  o r  by u se  o f  a w edge, t o  t h e  end o f  a s i l i c a  ro d  o r  to  a 
p o s t  w hich  had  a v a r i a b l e  i n c l i n a t i o n  m ounting  p l a t f o r m .  The 
o r i e n t a t i o n  o f  t h i s  p l a t f o r m  c o u ld  be a l t e r e d  by r o t a t i o n  by a few 
d e g re e s  e i t h e r  ab o u t  one h o r i z o n t a l  a x i s  (B. McCool 1 9 7 3 ) ,  o r  a b o u t  
two p e r p e n d i c u l a r  h o r i z o n t a l  ax es  ( B a t l e y  e t  d l  197 2 ) .  The ro d  was 
h e ld  w i th  i t s  a x i s  v e r t i c a l  and c o u ld  be  r o t a t e d  ab o u t  t h i s  a x i s  by a 
d e v ic e  from w hich a n g le s  co u ld  be  r e a d  t o  ± 0 .25°  . F o r  s p in n in g  
e x p e r i m e n t s ,  t h e  ro d  was mounted i n  t h e  r o t o r  ( S e c t i o n  5 . 6 )  w h i l e  f o r  
e x p e r im e n t s  w i th  t h e  h e l iu m  f lo w  t u b e ,  t h e  ro d  was mounted in  a 
T e f lo n  cap w hich f i t t e d  o n to  t h e  to p  o f  t h e  c a v i t y  dew ar. T h is  cap 
s e rv e d  a s  a h e l iu m  g as  o u t l e t  a s  w e l l  as  a  s u p p o r t  f o r  t h e  sam ple  ro d  
w hich c o u ld  be r o t a t e d  a b o u t  i t s  v e r t i c a l  a x i s  o n ly  and d id  n o t  a l lo w  
d e t e r m i n a t i o n  o f  a n g l e s .
When th e  s i l i c a  ro d -w as  u s e d ,  t h e  sam ple o r i e n t a t i o n  c o u ld  be 
v a r i e d  ab o u t  t h e  v e r t i c a l  a x i s  o n ly  so a l ig n m e n t  w i th  r e s p e c t  t o  th e  
o t h e r  two axes  was c r i t i c a l .  A c c u ra te  a l ig n m e n t  o f  t h e  C3 a x i s
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parallel to the axis of the rod was achieved by reflecting light fron 
a helium-neon laser off the crystallographic (0001) face using the 
optical arrangement shown in Figure 5.1. This alignment was done 
while the adhesive (Aquadhere) was setting. During the alignment, 
the crystal and rod were rotated at a few revolutions per second 
using the sample-spinning device (Section 5.6). The circle of 
rotation had a diameter D less than 3 cm which corresponds to a 
misalignment of -0.5° (see Figure 5.1).
For alignment of the triad axis parallel to the magnetic field, 
a 90° wedge was used. The (0001) plane of the crystal was placed 
on one face of the wedge, and another face of this wedge, perpendic­
ular to the one on which the crystal was mounted, was attached to the
rod or platform. The triangular marks on the surface of the crystal,u
which were parallel to the x axis (see below) were placed 
perpendicular to the vertical edge of the wedge. This was achieved 
with the aid of the optical'microscope (Section 5.4) and mounting was 
by use of Apezion N grease or GE varnish. One of the variable 
inclination goniometers was used with this arrangement.
The required alignment of the crystal in the cavity could then 
easily be found by using the EPR properties of the single ion lines
(Kornienko and Prokhorov 1951, Symmons and Bogle 1962). Within the xz 
plane, the single ion lines moved rapidly as the orientation was 
varied, and either the x or z fine structure axes (Section 3.3) 
could be found by locating the extremum of the lines. Due to the 
trigonal symmetry, lines did not move when the crystal was rotated in 
the xy plane but the line width (peak to peak width) did vary and 
had 60° symmetry. The point of minimum peak height of the 3257 
line (see Section 6.1) was chosen when doing static experiments in 
the xy plane. This was the orientation which could be identified
Figure 5.1. The optical arrangement used for the alignment of 
crystals.
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as being parallel to the triangular marks on the natural (0001) 
face of the crystals.
5.6 Spinning of sample
The pair axes of the first nearest and first next nearest 
neighbours coincide with the C3 crystallographic axis. Therefore, 
these pairs and the single ions have trigonal symmetry while the 
second, third and fourth nearest neighbours have lower symmetry. For 
the first nearest and first next nearest neighbours and the single 
ion E (Section 3.3) is zero. Hence the x and y fine structure 
axes are indistinguishable and the positions of the transitions due 
to these pairs and the single ions will be independent of the 
orientation of the magnetic field in the xy plane. The positions 
of these transitions will be unaffected if the sample is spun about 
an axis parallel to the C3 crystallographic axis, while lines due 
to the pairs of non-trigonal symmetry (second, third and fourth n.n.) 
will disappear or broaden markedly.
Samples were firmly attached to the end of a silica rod which 
fitted into the rotor from the sample-spinning turbine of an NMR probe 
(Varian model V-4333 ). The EPR spectrum of the trigonally symmetric 
species is isotropic in the xy plane but not in any other plane. 
Therefore to perform this experiment successfully, the sample must be 
mounted so that the alignment of the crystal about the triad axis was 
accurate. This was achieved by reflecting a laser beam from the 
crystal face perpendicular to the C3 axis (Section 5.5). The 
turbine was then attached to the top of the cavity such that the 
sample could be rotated rapidly in the centre of the cavity. It was 
possible to mount the rod, crystal and a thermcouple into the silica
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dewar (Section 5.2) which fitted into the cavity to carry out 
measurements at different temperatures.
Since silica and corundum are dielectrically lossy, the latter 
considerably so, any movement of the crystal and supporting rod in 
the cavity can seriously perturb the microwave electromagnetic field 
characteristics and thus the automatic frequency control (AFC) 
circuits of the spectrometer. Cavity Q and coupling may also be 
perturbed. A position for the sample and rod in the cavity which 
caused negligible AFC perturbation and where it was not otherwise 
apparent that the crystal was rotating, was readily found by trial 
and error. Also, as the electric field vector of the microwave 
radiation is zero only along the vertical axis in the TE1Q2 mode, 
it was necessary to ensure that the rod was straight.
The speed or period of rotation is important in relation to 
other system and spectrometer time periods, such as relaxation times, 
field modulation periods and output device time constant. The chart 
recorder time constant was typically 1 second, so a rotation period 
of l/10th second or less was sufficient to give a trace free of 
rotation perturbations.
In the Fe3+ corundum systems at the temperatures used, spin- 
lattice and spin-spin relaxation times are submicrosecond. The field 
modulation period was (100 KHz)-1, . Under these circumstances, the 
total spectrum is the integral of spectra for infinitesimal rotation 
increments, integrated over one cycle. It was found that this 
technique had previously been used for another system (Shelekhin 
et dl 1969).
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5.7 C o m p u t i n g  f a c i l i t i e s
Computational tasks were initially performed on an IBM 360/50 digital 
computer and later on a Univac 1108 which replaced the IBM 360/50.
Use was made of the following subroutines:
(a) SIMPLX - a minimization procedure supplied by the ANU 
Computer Centre. This subroutine was used to find an 
absolute minimum of a function by direct numerical search 
(Kowalik and Osborne 1968).
(b) EIGEN - for diagonalization of a real symmetric matrix.
This subroutine comes from the IBM Scientific Subroutine 
Package and was preferred over other methods as it could 
calculate the eigenvectors and could handle degenerate 
eigenvalues.
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C HAPTER 6
E X P E R I M E N T A L  R E S U L T S
The spectrum  was made up o f  tr a n s i t io n s  from is o la te d  Fe3+ 
ions as w e ll as a large number o f  (pa ir) l in e s  o f  lower i n t e n s i t y . 
These l in e s  were a ssigned  to  on or  o f f  ax is  p a ir s , depending on th e ir  
behaviour w .r . t .  sp in n in g  o f  the  sample about th e  t r ia d  a x is . The 
tem perature dependence o f  the  i n t e n s i t i e s  o f  th e se  l in e s  va ried  
co n sid era b ly , some in c re a s in g  w . r . t « the Zeeman c o rrec ted  s in g le  icn  
l in e  and o th ers  decreasing . The energy sep a ra tio n  o f  th ese  
tr a n s i t io n s  from the  ground s ta te  energy le v e l  o f  the p a ir  was found  
from graphs o f  In in te n s i ty  a g a in st rec ip ro ca l tem perature.
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6.1 Single  ion l i nes
6 .1 .1  P o s i t i o n s  o f  th e  l i n e s
With t h e  m a g n e t ic  f i e l d  p a r a l l e l  t o  t h e  t r i a d  a x i s ,  5 i n t e n s e  
and 4 weak ( n e a r l y  f o r b i d d e n )  t r a n s i t i o n s  ( F ig u r e  3 .2  a )  were 
o b s e r v e d ,  w h i le  i n  t h e  p e r p e n d i c u l a r  o r i e n t a t i o n ,  o n ly  t h r e e  were 
o b s e rv e d  (F ig u r e  3 .2  b ) .  The p o s i t i o n s  o f  t h e s e  t r a n s i t i o n s  (T a b le  
6 .2 )  were c lo s e  t o  t h o s e  g iv e n  by K ornienko and P rokho rov  (1961)  a t  
a s i m i l a r  f r e q u e n c y .  As th e  sam ple was c o o le d ,  t h e  m a g n e t ic  f i e l d s  
a t  which t h e  t r a n s i t i o n s  o c c u r r e d  a l t e r e d .  T h is  had been  o b s e rv e d  by 
K orn ienko  and P rokho rov  (1961) and Symmons and Bogle (1962) who b o th  
d e te rm in e d  t h e  H a m il to n ia n  p a ra m e te r s  ( S e c t i o n  3 .3 )  a t  room 
t e m p e r a t u r e s  (290 K, 296 K) , 77 K , and 4 .2  K , and found  t h a t  t h e  
p a ra m e te r  w hich had  m ost e f f e c t  on t h e  r e s o n a n c e  f i e l d s  was D . I t  
was n o t e d  t h a t  t h e  r e s u l t s  a t  77 K and 4 .2  K a r e  s i m i l a r  b u t  
d i f f e r  from t h o s e  a t  296 K . In  t h e  p r e s e n t  w ork , t h e  p o s i t i o n s  o f  
t h e  t r a n s i t i o n s  were s t u d i e d  o v e r  a c o n t in u o u s  t e m p e r a tu r e  r a n g e  
be tw een  296 K and 4 .2  K and t h e  r e s u l t s  a r e  p l o t t e d  in  F ig u re  
6 . 1 .  The v a r i a t i o n  o f  D w i th  t e m p e r a t u r e ,  c a l c u l a t e d  from  t h e s e  
p o s i t i o n s  (Appendix  1 ) ,  i s  a l s o  shown in  t h e  same f i g u r e .  The 
v a r i a t i o n  o f  D w i th  t e m p e r a tu r e  i s  s i g n i f i c a n t  and i t s  b e h a v io u r  i s  
s i m i l a r  t o  t h a t  f o r  t h e  v a r i a t i o n  o f  t h e  l a t t i c e  p a ra m e te r  c w i th  
t e m p e r a tu r e  (F ig u r e  2 . 2 ) .  T h is  i s  a s  e x p e c te d  s i n c e  D i s  d e te rm in e d  
by t h e  t r i g o n a l  d i s t o r t i o n  a lo n g  t h e  c a x i s .  From F ig u re  6 .1  i t  
can be se en  t h a t  t h e  l i n e  p o s i t i o n s ,  and so D , do n o t  move 
s i g n i f i c a n t l y  be low  150 K .
Due t o  t h e  s i m p l i c i t y  o f  t h e  p e r p e n d i c u l a r  sp e c tru m  compared 
w i th  t h a t  o b t a i n e d  a lo n g  t h e  p a r a l l e l  d i r e c t i o n ,  t h i s  was t h e  
p r e f e r r e d  o r i e n t a t i o n  f o r  c a r r y i n g  o u t  s t u d i e s  o f  t h e  p a i r  l i n e s  in
Figure 6.1. (a)
(b)
Variation of isolated ion resonance fields with 
temperature, and
variation of with temperature, calculated from 
the fields in (a).
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the spectrum. Due to the movement of the lines at temperatures 
above 150 K , all lines in the spectrum were identified by their 
positions at 50 K and a frequency of 9.065GHz . The variation of 
D with temperature will affect the pair D values (Section 7.1.2) 
and so the pair lines would be expected to move also. In later 
calculations (Section 7.1.2) the data of Kornienko and Prokhorov 
(1962) (Table 6.1) will be used as that resulted from the fit of five 
transitions compared with three transitions for the data presented 
here.
Spin Hamiltonian constants (units of 10-4 cm-1 ) for
isolated Fe3+ ion in corundum (Kornienko and Prokhorov 
1961).
Temperature Temperature Temperature
of 4.2 K of 77 K of 290 K
D 1719.3 (0.6) 1717.1 (0.6) 1679.9 (0.4)
a-F 339.2 (0.5) 339.1 (0.5) 330.3 (0.4)
1 a 1 237.1 (1.2) 237.6 (1.2) 232.6 (0.9)
Table 6.1.
Parameter
6.1.2 Intensity of single ion lines and variation of the intensity 
with temperature
The intensity of each of the three single ion lines in the 
perpendicular orientation was slightly different and the ratio of the 
integrated areas, of the three transitions 1242, 3257 and 7170 , was 
1 : 5.8 : 13 at 296 K , compared with the calculated ratio of the 
transition probabilities of 1 : 4.1 : 6.5 .
The variation of the intensity of these lines was measured as a 
function of temperature. Once the Zeeman correction factors (Section 
4.1.1 and Figure 3.2) had been applied, the intensity was 
approximately independent of temperature (within the error involved 
in measuring the intensity). Therefore these lines were suitable for
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use as a standard when measuring the intensity of the pair lines. 
The sign of D was confirmed to be positive, as found by Kornienko 
and Prokhorov (1961) and Symmons and Bogle (1962).
6.1.3 Variation of intensity and position with concentration
As the concentration of iron in the crystals increased, the line 
width, as well as the intensity of the single iron lines increased.
As a result, a comparison of intensities at different concentrations 
based on a comparison of peak heights only is not valid. The 
intensities can be compared either by double integration of the first 
derivative of the absorption curves or by measuring the line width 
(2a) and using this, together with peak heights (h) . The line 
shape was found to be approximately gaussian. For a gaussian line 
shape, the integrated intensity is given by (Appendix 2):
h o2/ 2 ttA = (1)2.exp(-%)
The line widths of the three lines for the perpendicular 
orientation are given in Table 6.2, together with the integrated area 
calculated from this data for the four samples used. As the samples 
were small, the integrated area should be directly proportional to 
the weight of the sample, and when this is taken into account, the 
integrated area is seen to increase as the concentration increases 
(Figure 6.2) in a similar way to that predicted when only the first 
five neighbour types are included (Section 2.3.2).
The positions of the lines did not vary significantly with
concentration.
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Table 6.2. Variation of integrated area with concentration for the 
isolated ion transitions (H j Z) .
Line position: 1242 G
Sample
number
Weight
(mg)
Concentration 
(atoms %)
Line width 
(G)
Integrated area/weight 
(arbitrary units)
21B 17.382 0.5 25 0.5
19 B 17.233 2.8 88 1.8
19C 4.068 2.8 95 1.7
15A 7.292 11.6 129 1.7
Line position: 3257 G
Sample
number
Weight
(mg)
Concentration 
(atoms %)
Line width 
(G)
Integrated area/weight 
(arbitrary units)
21B 17.382 0.5 24 2.1
19B 17.233 2.8 103 11.5
19C 4.068 2.8 108 10.7
15A 7.292 11.6 156 11.6
Line position: 7170 G
Sample
number
Weight
(mg)
Concentration 
(atoms %)
Line width 
(G)
Integrated area/weight 
(arbitrary units)
2 IB 17.382 0.5 38 4.1
19B 17.233 2.8 196 30.3
19C 4.068 2.8 185 22.4
15A 7.292 11.6 251 25.5
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Figure 6.2. Concentration dependence of the three single 
ion lines observed with H-1-C3; showing the 
comparison between the experimental points 
and the theoretical curves including up to 
n.n.n.l (unbroken line) and up to n.n.n.2 
(broken line) (section 2.3).
1000
100 -
10 - 0 7170 
X 3257 
+ 1242
up to n.n.n
--- up to n.n.n.2
10.0
Concentration (atoms %)
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6.2 Pair l ines
6 .2 .1  P o s i t i o n s  o f  t h e  l i n e s  and v a r i a t i o n  w ith  t e m p e r a tu r e  and 
f re q u e n c y
When th e  s p e c t r o m e te r  was o p e r a t e d  u n d e r  c o n d i t i o n s  o f  h ig h  
s e n s i t i v i t y ,  a  number o f  weak l i n e s  ( i n t e n s i t y  1 /100  o f  t h e  s i n g l e  
io n  l i n e s )  were o b s e rv e d  in  t h e  sp ec tru m  ( F ig u r e  6 . 3 ) .  These l i n e s  
were c o n s id e r e d  t o  be due t o  t h e  p r e s e n c e  o f  F e3 + -  F e3+ exchange 
c o u p le d  p a i r s  and t h e i r  p r o p e r t i e s  were found t o  be c o n s i s t e n t  w i th  
t h i s .  From a p r e l i m i n a r y  i n v e s t i g a t i o n ,  t h e s e  l i n e s  c o u ld  be 
a s s i g n e d  t o  on and o f f  ax is  p a i r s  b u t  f u r t h e r  d i v i s i o n  i n t o  t h e  two on 
axis  p a i r s  and t h r e e  o f f  axis  p a i r s  c o n s id e r e d  was n o t  as  s t r a i g h t ­
fo rw a rd  ( S e c t i o n  7 . 3 ) .  From t e m p e r a tu r e  d e p e n d en c e ,  t h e y  were l a t e r  
d iv id e d  i n t o  t h e  p a i r s  ( S e c t io n  7 . 3 ) .  The p o s i t i o n s  o f  most o f  t h e  
l i n e s  changed  s i g n i f i c a n t l y  w i th  t e m p e r a tu r e  and th e  movement o f  some 
was e x trem e  ( l i n e  "7735" in  T ab le  6 . 3 ) .  L in e s  a r e  i d e n t i f i e d  by 
t h e i r  p o s i t i o n s  a t  50 K . When th e  sample was spun ab o u t  t h e  t r i a d  
a x i s ,  some o f  t h e  l i n e s  d i s a p p e a r e d  and t h e s e  a r e  shown in  T a b le  6 . 3 .  
Such l i n e s  were a s s ig n e d  t o  o f f  axis  p a i r s .
As a f u r t h e r  a id  t o  a s s ig n m e n t  o f  t h e  l i n e s  and d e t e r m i n a t i o n  o f  
t h e  a n i s o t r o p i c  exchange  c o n s t a n t s  (Dg f o r  t h e  s p in  s t a t e s
i d e n t i f i e d ,  S e c t io n  3 . 4 ) ,  o t h e r  p r o p e r t i e s  o f  t h e  p a i r  l i n e s  were 
i n v e s t i g a t e d  and a r e  sum m arised in  T ab le  6 . 3 .  These p r o p e r t i e s  were 
t h e  n a t u r e  o f  t h e  extremum a t  x a x i s  i n  t h e  xz p la n e  and t h e  
f re q u e n c y  dependence  o f  t h e  m ag n e t ic  f i e l d s  o f  t h e  t r a n s i t i o n s .  In 
g e n e r a l ,  in  t h e  p e r p e n d i c u l a r  o r i e n t a t i o n ,  l i n e s  move t o  h i g h e r  f i e l d s  
a s  t h e  microwave f re q u e n c y  i s  i n c r e a s e d .  So t h e  i d e n t i f i c a t i o n  o f  a 
t r a n s i t i o n  which moves t o  lo w e r  f i e l d  a s  t h e  microwave f re q u e n c y  i s  
i n c r e a s e d  ( " r e v e r s e  f r e q u e n c y  d e p e n d e n c e " ) ,  a id s  t h e  c a l c u l a t i o n  o f
figure 6.3. The spectrum of Fe /corundum (2.8 atoms %) with 
Hic3; (a) without spinning the sample about its 
C 3 axis and (b) spinning the sample about is C 
axis
(a) Static:
0
T
2 4 6 8 10
Magnetic field (KG)
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Table 6.3. Line positions and variation of line position with
temperature, frequency and orientation for all lines in 
the spectrum. The energy from the ground state is also 
given.
Line number1 Position2 at 296 K Ah3
Max./4 
min.
Present5
on
spinning
Frequency6
dependence
AW7
(cm. “1 )
66 — _ - _ — _
301 248 +53 min yes 293 -13(3)
605 713 -108 min yes 349 24(3)
1538 - - - - - -
1647 1611 + 36 min yes 535 -12(6)
1737 1755 -18 min yes 209 4(1)
1875 1890 -15 ? no 302 -10(1)
1960 1968 -8 min yes 302 -7(3)
2139 2142 -3 min yes 302 -3.1(0.3)
2275 2279 -4 max yes 70 7(2)
2330 - - - - - -
2440 - - - - 419 -
2471 - - - - - -
2575 2592 -17 xg no 209 0(1)
2680 2695 -15 min yes 349 4(1)
2810 - - - - - -
2860 2853 +7 min yes 465 0(7)
2957 2957 0 max yes 465 *
3675 3649 +26 xg ? 581 0(10)3782 3755 +27 min yes 233 -9(4)
3907 - - - - - -
3940 3940 0 max yes 465 -6(1)
4075 4051 +24 - yes 465 9(3)
4245 4195 + 50 - yes 233 0(7)
4365 4312 + 53 - yes 419 a
4447 4420 +27 min yes 233 0.2(0.2)
4607 4556 + 51 max no8 366 10(7)
4760 4741 +19 min no -98 A
4897 4877 + 20 - no - -
4996 - - - yes - -
5142 5135 +7 max yes 442 0(17)
5255 - - max no -163 11(7)
5545 - - - - - -
5685 5582 +97 max 9 556 -6(1)
5977 5973 +4 max no 65 2(1)
6278 - - - - - -
7735 7639 +96 max yes 256 2(2)
8052 7966 +86 max yes 667 13(10)
8299 8224 +75 max yes 231 13(1)
8403 8378 +25 - - - A
8761 8727 +34 - - - -1.0(0.1)
9034 8946 +88 - - - A
9147 9199 -52 min yes 533 -10(1)
9424 9370 + 54 - yes 533 12(5)
9779 - - - - - 11(7)
10088 - - - - - -
86
1 L ine  number i s  p o s i t i o n  in  G a t  50 K (v = 9 .065  GHz , H j C3 ) .
2 F i e l d  p o s i t i o n  in  G a t  V = 9 .065  GHz , H j C3 .
3 Ah i s  H50 -  H296  , w hich i s  t h e  r e v e r s e  o f  t h e  u s u a l  m eaning.
4 The n a t u r e  o f  t h e  t u r n i n g  p o i n t  in  th e  xz p la n e  a t  t h e  x a x i s .
5 S p in n in g  t h e  sam ple  a b o u t  t h e  t r i a d  a x i s .
6 U n i t s  a r e  G/GHz
7 AW i s  from t h e  l n  I ’ vs (1 /T )  g ra p h s  ( S e c t io n  6 . 2 . 3 ) .
8 L ine  rem a in e d  when th e  sam ple  spun ab o u t  an a x i s  ^5° from t h e  
t r i a d  a x i s .
9 L ine  b ro a d e n e d  when th e  sam ple was spun a b o u t  t h e  t r i a d  a x i s .
* U n c e r ta in  due t o  l a r g e  e r r o r .
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D and the identification of the spin state, considerably. These 
transitions would be expected to occur at fields less than ^4500 G ; 
and between the same two levels there would be another transition at 
higher fields (see Figures 7.1 and 8.2).
There were a number of lines in the spectrum which could not be 
well characterised due to either low intensity or significant overlap 
with other lines. The positions of these lines are given in Table
6.3 also. No pair lines could be observed within ^250 G of the 
centre of each of the isolated iron lines due to the line width of 
these lines. Because of the large number of lines in the spectrum, 
the turning points of the off axis lines in the xz plane could not 
be located.
The EPR spectrum of exchange coupled Fe3+ ions in AI2O3 has 
been studied by Garifullina et at (1970) in both the parallel and 
perpendicular orientations. The exchange constant J was calculated 
from the temperature variation of the intensity of a line at 1070 G 
in the perpendicular orientation, as well as that of lines in the 
parallel orientation. This 1070 line could not be resolved in the 
present study due to the superposition of the 1242 isolated iron 
line.
6.2.2 Temperature-intensity behaviour of lines
The intensity of all lines in the spectrum increased as the 
temperature decreased from room temperature down to 21 K . However, 
when these intensities were divided by the intensity of one of the 
single ion lines, which had its Zeeman corrections applied, the 
behaviour of different lines was quite different. Some increased in 
intensity as the temperature increased, while other decreased (Figures 6.4 ,
8.3 and 8.6 ). The single ion line which was used as a standard was the
Figure 6.4.
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The variation of the intensity (relative to the Zeeman 
corrected single ion’line) of the unassigned pair lines 
with temperature (see Section 7.3). The remaining 
lines which have been assigned are shown in Figures 8.3 
and 8.6.
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1242 l i n e ,  w h ich ,  b e in g  be tw een  t h e  low er  two l e v e l s  o f  t h e  s p in  
m a n i f o ld ,  e x h i b i t e d  C u r i e ' s  law  b e h a v io u r .
I n f o r m a t io n  can be o b ta in e d  from  t h e s e  c u r v e s ,  b u t  f i r s t  i t  i s  
n e c e s s a r y  t o  know th e  s ig n  o f  t h e  exchange  c o u p l in g  c o e f f i c i e n t s .
T h is  c o u ld  n o t  be assumed f o r  a l l  t h e  p a i r s .  The t h i r d  and f o u r t h  
n . n .  a r e  e x p e c te d  t o  be a n t i - f e r r o m a g n e t i c  ( S e c t io n  2 . 4 ) .  The 
second  n . n .  was found  t o  have a f e r r o m a g n e t i c  c o u p l in g  in  F e2C>3 
(Sam uelsen  and S h i ra n e  1 9 7 0 ) ,  b u t  t h e  s ig n  n eed  n o t  be t h e  same in  
t h e  d i l u t e  sy s te m  ( S e c t i o n  2 . 4 ) .  For  t h e  f i r s t  n . n .  t h e  n e u t r o n  
s c a t t e r i n g  work o f  Sam uelsen and S h i ra n e  (19 70) gave J]_ t o  be 
n e g a t i v e  and s m a l l  f o r  Fe20 3 (T a b le  2 .6  a)  w h i le  G a r i f u l l i n a  e t  a l  
(1970) found J j  t o  be l a r g e  and p o s i t i v e  f o r  F e 3+/ A l 2 03 (T ab le  
2 .6  b ) .  The r e s u l t s  o f  G a r i f u l l i n a  e t  a l  a r e  do u b ted  a s  t h e  i n t e n s i t y  
t e m p e r a tu r e  d a t a  was c o l l e c t e d  a t  t e m p e r a t u r e s  from 293 K (20°C) to  
473 K (200°C) . In  t h i s  t e m p e r a tu r e  r e g i o n ,  t h e  s i n g l e  io n  l i n e s  a r e  
m oving, and t h e  i n t e n s i t y  o f  t h e  p a i r  l i n e s  on th e  edge o f  t h e s e  l i n e s  
w i l l  be a f f e c t e d ,  such  as  t h e  1070 l i n e  s t u d i e d  by G a r i f u l l i n a  e t  
al  ( 1 9 7 0 ) .  For t h i s  r e a s o n ,  t h e  i n t e n s i t i e s  o f  t h e  p a i r  l i n e s  a t  
t e m p e r a t u r e s  g r e a t e r  th a n  150 K were n o t  u se d  in  t h e  p r e s e n t  
c a l c u l a t i o n s  o f  t h e  J  v a lu e  ( S e c t i o n s  8 .1 .2  and 8 . 2 . 2 ) ,  b u t  t h e  
p o s i t i o n s  o f  t h e  l i n e s  a t  t h e s e  h i g h e r  t e m p e r a t u r e s  were v a lu a b l e  in  
c a l c u l a t i n g  D f o r  t h e  s p in  s t a t e s  ( S e c t i o n s  8 . 1 . 1  and 8 . 2 . 1 ) .
6 . 2 . 3  L ogar ithm  o f  i n t e n s i t y  v e r s u s  (1/T) g rap h s
The s lo p e  o f  a p l o t  o f  t h e  lo g a r i th m  o f  t h e  r e l a t i v e  i n t e n s i t y  
( l n  I ' )  o f  a t r a n s i t i o n  from  a g iv en  p a i r  a g a i n s t  r e c i p r o c a l  
t e m p e r a t u r e ,  g i v e s ,  in  t h e  low te m p e ra tu re  l i m i t ,  t h e  s e p a r a t i o n  o f  
t h a t  t r a n s i t i o n  from  th e  lo w e s t  e n e rg y  l e v e l  o f  tha t  p a i r  ( S e c t io n
4 . 2 . 2 ) .
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A f t e r  t h e  p a i r  l i n e s  had been  d i v id e d  by t h e  1242 s i n g l e  ion  
l i n e ,  which had been  Zeeman c o r r e c t e d ,  t h e  l o g a r i t h m  o f  t h e  i n t e n s i t y  
was g rap h e d  a g a i n s t  (1 /T )  . For a  l a r g e  number o f  t h e  p l o t s ,  t h e  
s lo p e  o f  t h e  l i n e  im p l ie d  t h a t  t h e  s t a t e  was below  t h e  lo w e s t  energy  
l e v e l  o f  t h e  p a i r ,  and so f o r  t h e s e ,  t h e  a p p ro x im a t io n  had  b roken  
down, i . e .  Wg < kT . As t h e  a v a i l a b l e  c o n t in u o u s  t e m p e ra tu re  ran g e
e x te n d e d  o n ly  t o  21 K , th e n  Wg < 14 cm .-1 . For  a  number o f  t h e
c u rv e s  ( F ig u r e  6 . 5 )  t h e  s lo p e  was o f  t h e  c o r r e c t  s ig n  and c o u ld  be 
u se d  t o  c a l c u l a t e  t h e  s e p a r a t i o n s  o f  t h e s e  s t a t e s  from t h e  ground  
s t a t e  o f  t h e i r  p a i r  (T a b le  6 . 3 ) .  The s e p a r a t i o n  from t h e  g round s t a t e  
was u n d e r e s t im a te d  f o r  some o f  t h e s e  c u r v e s ;  th o s e  w i th  s m a l l  
s e p a r a t i o n s  from  t h e  g round s t a t e .  T h is  was a n t i c i p a t e d  ( s e e  S e c t io n  
4 . 2 . 2 )  and was t a k e n  i n t o  a c c o u n t  when a s s i g n i n g  t r a n s i t i o n s  t o  s p in  
s t a t e s .  O th e r  m ethods were a l s o  u sed  t o  c a l c u l a t e  t h e  i s o t r o p i c  
exchange p a r a m e te r s .  The r e s u l t s  which were o b t a i n e d  w i l l  be  used  
and d i s c u s s e d  in  l a t e r  p a r t s  o f  t h i s  t h e s i s  ( S e c t io n  7 .3  and C h a p te r  
8 ) .
6 . 2 . 4  E f f e c t  o f  c o n c e n t r a t i o n
As t h e  c o n c e n t r a t i o n  o f  F e 3+ in  t h e  c r y s t a l s  i n c r e a s e d  from 
0 .5  t o  2.8% , t h e  i n t e n s i t y  o f  t h e  p a i r  l i n e s  i n c r e a s e d  and t h e  
l i n e  w id th  was a f f e c t e d  t o  a s m a l l  d e g re e .  The v a r i a t i o n  o f  t h e  
i n t e g r a t e d  a r e a ,  o f  t h e  a b s o r p t i o n  c u rv e  c a l c u l a t e d  from  t h e  p e a k - t o -  
peak  h e i g h t  and l i n e  w id th  o f  t h e  f i r s t  d e r i v a t i v e  o f  t h e  a b s o r p t i o n  
c u r v e ,  i s  p l o t t e d  a g a i n s t  t h e  l o g a r i t h m  o f  t h e  c o n c e n t r a t i o n  in  F ig u re  
6 . 6 .  T ab le  6 .4  sum m arises  t h e  i n t e g r a t e d  i n t e n s i t y  and l i n e  w id th s  
o f  t h e  t r a n s i t i o n s  shown in  t h e s e  p l o t s .
From t h e  r e s u l t s  o f  T ab le  6 .2  and T ab le  6 . 4 ,  t h e  r a t i o  o f  t h e  
i n t e g r a t e d  a r e a s  o f  t h e  p a i r  l i n e s  t o  t h a t  o f  t h e  i s o l a t e d  io n  was
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Figure 6.5. Variation of In intensity of the pair lines
(relative to the Zeeman corrected isolated iron 
line) as a function of reciprocal temperature.
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Figure 6.5 cont.
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Figure 6.6. Concentration dependence of the pair lines observed 
with H J_ C3 ; showing the comparison between the 
experimental points and the theoretical curves 
including up to n.n.n.l (unbroken line) and up to 
n.n.n.2 (broken line) (Section 2.3).
Integrated
Intensity
0.01
* 2680
2275
up to n.n.n.l
0.001
up to n.n.n.2
Concentration (atoms %)
0.5 10.0
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calculated to range from 0.0004 to 0.006 for the sample containing 
0.5 atoms % Fe3+ , 0.002 to 0.02 for the 2.8% samples and from 
0.0005 to 0.01 for the 11.6% sample. The theoretical ratios 
(Section 2.3), assuming the first five neighbours to be important, 
are 0.002, 0.01 and 0.03 for impurity concentrations of 0.5, 2.8 
and 11.6 atoms % respectively. The agreement is within an order 
of magnitude. Closer agreement than this can not be expected until 
the spin state of each of the transitions is taken into account, as 
well as the probability of each. These factors are taken into account 
later (Section 8.4) and the values compared again.
Table 6.4, Variation of integrated area with concentration for two 
typical pair transitions; one weak and one strong(H J_ z) .
Line position: 2680 G (strong)
Sample
number
Weight
(mg)
Concentration 
(atoms %)
Line
width
(G)
Integrated 
area/weight 
(arbitrary 
units)
Ratio of integrated 
area to that of 
the single ion line 
at 3257 G
21B 17.382 0.5 31 0.012 0.0057
19 B 17.233 2.8 79 0.235 0.020
19C 4.068 2.8 82 0.199 0.019
15A 7.292 11.6 87 0.130 0.011
Line position: 2275 G (weak)
Sample
number
Weight
(mg)
Concentration 
(atoms %)
Line
width
(G)
Integrated 
area/weight 
(arbitrary 
units)
Ratio of integrated 
area to that of 
the single ion line 
at 3257 G
21B 17.382 0.5 23 0.0009 0.00043
19B 17.233 2.8 78 0.059 0.0051
19C 4.068 2.8 63 0.024 0.0022
15A 7.292 11.6 66 0.006 0.00052
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6 . 3  Summary and d i s c u s s i o n
The EPR sp e c tru m  o f  a  -  AI2 O3 doped w i th  F e h a s  been 
m easu red  a t  c o n c e n t r a t i o n s  o f  F e 3 + o f  0 . 5 ,  2 .8  and 11.6% , and 
c o n ta i n e d  a number o f  low i n t e n s i t y  l i n e s  in  a d d i t i o n  to  th o s e  
a s s i g n e d  t o  s i n g l e  Fe3+ i o n s .  The i n t e g r a t e d  i n t e n s i t y  o f  t h e s e  
e x t r a  l i n e s  i n c r e a s e d  a s  t h e  c o n c e n t r a t i o n  o f  F e 3+ im p u r i ty  atoms 
i n c r e a s e d  from  0 .5  t o  2.8% . T h is  and t h e  v a r i a t i o n  o f  t h e  
i n t e n s i t y  o f  t h e s e  l i n e s  w i th  t e m p e r a tu r e  l e d  t o  t h e  a s s ig n m e n t  o f  
t h e s e  l i n e s  t o  exchange  c o u p le d  F e3+ -  F e 3+ p a i r s .  As t h e  spec trum  
f o r  t h e  s i n g l e  io n  was s i m p l e s t  in  t h e  p e r p e n d i c u l a r  o r i e n t a t i o n ,  
d e t a i l e d  m easu rem en ts  on t h e  p a i r  l i n e s  were p e rfo rm ed  h e re  in  
p r e f e r e n c e  t o  t h e  H //C 3 o r i e n t a t i o n  which c o n s i s t e d  o f  a l a r g e r  
number o f  l i n e s  w i th  w id e ly  v a r y in g  i n t e n s i t i e s ,  The p o s i t i o n s  and 
i n t e n s i t i e s  o f  t h e  p a i r  l i n e s  w ere  m easured  as  a f u n c t i o n  o f  
t e m p e r a t u r e ,  b u t  i n t e n s i t i e s  a t  t e m p e r a tu r e s  g r e a t e r  th a n  150 K 
were n o t  u se d  in  l a t e r  c a l c u l a t i o n s  a s  t h e  f i e l d s  f o r  r e s o n a n c e  o f  
most o f  t h e  l i n e s  a l t e r e d  above t h i s  t e m p e r a t u r e .  The f i e l d -  
t e m p e r a tu r e  d a t a  was l a t e r  u se d  t o  a i d  c a l c u l a t i o n s  o f  t h e  a n i s o ­
t r o p i c  exchange  p a r a m e t e r s .  Due t o  t h e  symmetry o f  t h e  p a i r s ,  
t r a n s i t i o n s  from th e  two on ax is  p a i r s  o n ly  rem a in e d  when th e  sam ple 
was spun a b o u t  t h e  t r i a d  a x i s .  I t  i s  on t h e s e  two p a i r s  t h a t  t h e  
em phasis  l i e s  in  t h i s  t h e s i s .  D e t a i l e d  c a l c u l a t i o n s  from th e  
i n t e n s i t y - t e m p e r a t u r e  c u rv e s  were r e q u i r e d  t o  d i s t i n g u i s h  t r a n s i t i o n s  
from th e  d i f f e r e n t  p a i r s .  The e n e rg y  o f  t h e  l e v e l ,  from which th e  
t r a n s i t i o n  o r i g i n a t e d ,  above t h e  g round s t a t e  o f  t h e  p a i r  was r e a d i l y  
o b t a i n e d  from p l o t s  o f  In  i n t e n s i t y  ( r e l a t i v e  t o  a Zeeman 
c o r r e c t e d  s i n g l e  io n  t r a n s i t i o n )  a g a i n s t  (1 /T )  . T h is  was u sed  
l a t e r  in  a s s i g n i n g  t r a n s i t i o n s  t o  s p in  s t a t e s  o f  th e  d i f f e r e n t  p a i r s .
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CHAPTER 7
PRELIMINARY ANALYSIS
The EPR spectrum of the pair system Fe3+ - Fe3+ in oormdum 
has been reported. From the lattice symmetry, on axis pairs were 
distinguished from off axis pairs by spinning the sample about the 
triad axis. The temperature dependence of the intensities of each of 
the transitions was measured and the energy from the ground state, of 
the level from which the transition originated, was found from 
ln I vs (1/T) plots.
In this chapter, the intensities of each of the transitions are 
divided by one another and, from plots of In (ratio intensities) 
against (1/T)  ^ transitions from different pairs are distinguished. 
This, however, gives no information on which pair the transition 
belongs to. Such information can be obtained by determining the 
anisotropic exchange parameters. To aid this, theoretical 
calculations of the zero field splitting parameters were performed 
for the various spin states of the on axis pairs using the corundum 
and hematite lattice parameters. This allowed prediction of the 
resonance fields of the EPR transitions as well as the variation of 
the fields with temperature and frequency. One on axis pair was 
found to have anti ferromagnetic coupling and the other ferromagnetic 
coupling. Transitions from the off axis pairs were also identified 
but as the turning points for these transitions could not be located, 
these transitions could not be assigned to the different off axis 
pairs. Using the above predictions for the resonance fields, the 
pair with antiferromagnetic coupling is identified as n.n.l in 
Chapter 8 and the ferromagnetic pair as n.n.n.l .
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7.1 Calcula t ion of  Dg
With th e  a s su m p t io n  t h a t  J  > Dg , a p p ro x im a te  Dg were
c a l c u l a t e d  f o r  t h e  p a i r  s p in  s t a t e s  t o  a i d  t h e  a s s ig n m e n t  o f  
t r a n s i t i o n s  t o  s p in  s t a t e s .  D ip o la r  c o n t r i b u t i o n s  were c a l c u l a t e d  
f o r  t h e  two c a s e s ,  corundum and h e m a t i t e .  D f o r  t h e  i s o l a t e d  F e ' + 
io n  in  corundum a l s o  c o n t r i b u t e s  t o  t h e  p a i r  Dg v a lu e  ( e q u a t io n
3 .4 1 ,  S e c t io n  3 . 4 . 1 ) .
7 . 1 .1  D ip o la r  c o n t r i b u t i o n .
The d i p o l a r  c o n t r i b u t i o n  (d^) was c a l c u l a t e d  from e q u a t io n
( 3 .2 0 )  ( S e c t i o n  3 . 2 . 2 ) .  Due to  t h e  d i f f e r e n c e  in  s i z e  betw een  t h e  A l3 + 
and F e 3 + i o n s ,  t h e  i n t e r i o n i c  d i s t a n c e s  f o r  F e 3+/ A l 2C>3 need  n o t  be 
t h e  same a s  f o r  p u re  AI2O3 , so D^ was c a l c u l a t e d  f o r  b o th  t h e
AI2O3 and Fe203 l a t t i c e s .  The c r y s t a l  s t r u c t u r e  d a t a  u sed  f o r  
t h e s e  c a l c u l a t i o n s  was t h a t  o f  Newnham and de Haan (1962) ( S e c t io n  
2 . 2 ) ,  and t h e  d i p o l a r  c o n t r i b u t i o n  c a l c u l a t e d  f o r  a l l  t h e  p a i r  ty p e s  
u n d e r  c o n s i d e r a t i o n  i s  shown i n  T ab le  7 .1 .  The i n t e r i o n i c  d i s t a n c e s  
v a ry  s l i g h t l y  w i th  t e m p e r a tu r e  ( S e c t io n  2 . 2 . 4 )  and as  t h i s  had  a 
n e g l i g i b l e  e f f e c t  ( ^ 0 . 0001  cm- 1 ) on D^ , t h e  v a lu e s  o f  D^ used
f o r  t h e  c a l c u l a t i o n s  a t  d i f f e r e n t  t e m p e r a tu r e s  were b a s e d  on t h e  room 
t e m p e r a tu r e  c r y s t a l  s t r u c t u r e  d a t a .  V a r i a t i o n  o f  D^ w i th  s p in
s t a t e  f o r  a p a r t i c u l a r  p a i r  would n o t  be u n e x p e c te d  a s  t h i s  had been 
o b s e rv e d  by H a r r i s  (1972) f o r  Mn2+ p a i r s  i n  MgO .
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Table 7.1. 
Neighbour
Dipolar interactions 
and hematite.
Corundum
for a number of pairs in corundum 
Hematite
Inter-ion 
distance 
(pm)
Dd
(cm-1)
Inter-ion
distance
(pm)
Da
(cm- 1)
n .n. 1 265. -0.0934 289. -0.0720
n.n.2 279. -0.0800 297. -0.0663
n.n. 3 322 . -0.0520 337. -0.0454
n.n.4 350. -0.0405 370. -0.0343
n.n.n.l 385. -0.0304 399. -0.0273
7.1.2 Calculation of Dg for the axis pairs
The value of for the isolated Fe',+ ion in the crystal
varied significantly with temperature above ^150 K and so the pair 
Dq values were calculated at both 50 K and 296 K using the Do G
value of Table 6.1. Due to the high symmetry of these pairs and the 
fact that g is isotropic for the single ion lines, D (Section
3.2.2) is not expected to be large and in the calculations below, it 
was assumed to be zero. The operator equivalent factors otg and
3 , calculated for the coupling of a spin 5/2 to a spin 5/2 are
given in Table 7.2. From this data, the D values were calculated
O
for the on axis pairs and the results shown in Table 7.3.
Table 7.2. Operator equivalent factors dg and 3g for coupling of 
spin I to I .
______________________Spin state______________________
1 2 3 4 5
41
42
-20
21
47
90
-2
45
JL JL14 18
2 
7
=t I CD
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Table 7.3. Variation of Dg for the on axis pairs with temperature, 
for both the corundum and hematite distances (Dg and 
D^ are in cm-i and distances in pm ].
(a) n.n.l
Pair D
O
Spin
state
50 K
D =0.17171 c
r=289.
296 K
D =0.16799 c
r=289.
50 K
D =0.17171 c
r=265.
296 K
D =0.16799 c
r=265.
1 -1.8978 -1.8740 -2.1352 -2.1113
2 -0.3743 -0.3708 -0.4369 -0.4334
3 -0.1204 -0.1202 -0.1539 -0.1537
4 -0.0281 -0.0291 -0.0510 -0.0520
5 0.0163 0.0147 -0.0015 -0.0031
(b) n.n.n.l
Pair Dg
Spin
state
50 K
D =0.17171 c
r=399.
296 K
D =0.16799 c
r=399.
50 K
D =0.17171 c
r=385.
296 K
D =0.16799 c
r=285.
1 -1.4025 -1.3787 -1.4369 -1.4130
2 -0.2436 -0.2401 -0.2527 -0.2491
3 -0.0505 -0.0503 -0.0553 -0.0552
4 0.0198 0.0187 0.0164 0.0154
5 0.0535 0.0519 0.0509 0.0493
It is seen from these results that the change of the single ion
D valuec with temperature is reflected in the pair Dg values. So,
as the single ion lines move with temperature, most pair lines will 
move also. For S = 3 , the small operator equivalent factor $
(Table 7.2) means that D3 is approximately constant with temperature. 
The dipolar interaction between the two ions varies significantly from 
the first n.n. pair to the first n.n.n. pair and thus the Dg
values are different and offers the only possibility of distinguishing
between these two pairs. As the temperature increases, Dg for all 
the spin states of the on axis pairs decreases in magnitude, except
for S = 4 and S = 5 of n.n.l (Table 7.3).
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7 . 1 . 3  C a l c u l a t i o n  o f  c ^ ,  Dg and Eg f o r  t h e  o f f  a x i s  p a i r s .
The v a lu e s  o f  T ab le  7 .1  and t h e  s i n g l e  io n  d a t a  o f  Tab le
6. 1 , t o g e t h e r  w i th  th e  a n g le s  o f  t h e  p a i r  a x i s  from t h e  C3 a x i s ,
6 , (T a b le  2 .2 )  e n a b le d  o f  e q u a t io n  3 .42  ( S e c t io n  3 . 4 . 2 )  t o  be
c a l c u l a t e d  f o r  each  o f  t h e  t h r e e  o f f  axi s  p a i r s  c o n s id e r e d .  A ga in ,
D . was assumed t o  be z e ro  b e c a u s e  o f  t h e  i s o t r o p i c  n a t u r e  o f  th e  an i s  r
g t e n s o r  f o r  t h e  i s o l a t e d  io n  ( S e c t i o n  3 . 3 ) ,  D b e in g
p r o p o r t i o n a l  t o  - | ^ - ( g ^ - 2 )  2-[g j^ -2 )  2 j |/8 . From t h e s e  r e s u l t s ,  Dg 
and E were c a l c u l a t e d  and a r e  shown in  T ab le  7 . 4 ,  t o g e t h e r  w i th
O
(}> v a l u e s .  I t  i s  seen  from  t h i s  t a b l e  t h a t  i s  d i f f e r e n t  f o r
each  o f  t h e  s p in  s t a t e s  o f  a c e r t a i n  p a i r  and v a r i e s  a s  v a r i e s ,
th u s  c o m p l ic a t in g  t h e  i d e n t i f i c a t i o n  o f  t r a n s i t i o n s  b e lo n g in g  t o  a 
s p e c i f i c  o f f  axis  p a i r  c o n s i d e r a b l y .  As t h e  t u r n i n g  p o i n t s  f o r  th e  
t r a n s i t i o n s  due t o  t h e  o f f  axis  p a i r s  were n o t  l o c a t e d  ( S e c t io n  6 . 2 . 1 ) ,  
D and E c o u ld  n o t  be c a l c u l a t e d  f o r  t h e s e  p a i r s .  A knowledge o f
O  o
t h e  c a l c u l a t e d  (j) v a lu e s  d o e s ,  how ever ,  a i d  t h e  i d e n t i f i c a t i o n  o f
some t r a n s i t i o n s  ( S e c t i o n  8 . 3 ) ,
7.2 Variation of magnetic field for resonance with
Assuming a D v a l u e ,  t h e  l i n e  p o s i t i o n s  were c a l c u l a t e d  u s in g
O
t h e  method o u t l i n e d  i n  A ppendix  1 . As t h e  Dg v a lu e s  f o r  t h e  two
d i f f e r e n t  a x i s  p a i r s  were d i f f e r e n t  f o r  a l l  o f  th e  s p in  s t a t e s ,  th e  
v a r i a t i o n  o f  t h e  f i e l d s  f o r  r e s o n a n c e  w i th  Dg was c a l c u l a t e d  f o r
each  o f  t h e  s p in  s t a t e s  1 t o  5 and t h e  r e s u l t s  f o r  t h e  p e r p e n d i c u l a r
101
T ab le  7 .4 .  T h e o r e t i c a l  v a lu e s  o f  cf)g, Dg , and Eg f o r  th e  o f f
a x is  p a i r s  n . n . 2 ,  n . n . 3  and n . n . 4  assum ing D = 0
and D = 0 .17171  cm-1 (D and E v a lu e s  a r e  in  c
cm-1 and (J>g i s  t h e  a n g le  o f  t h e  f i n e  s t r u c t u r e  a x i s  
from t h e  C3 a x i s  i s  d e g r e e s ) .
Spin s t a t e  4>s Dg Eg
n . n .2
1
(0 = 8 0 .1 ° )
24 -0 .7 9 6 6 -0 .3 9 6 7
2 -27 -0 .0 2 6 2 -0 .1 2 3 9
3 -11 0 .0554 -0 .0 6 2 8
4 -6 0 .0905 -0 .0 4 2 4
5 -5 0 .1 0 8 1 -0 .0 3 2 8
n .n .3
1
(6 = 5 8 .3 ° )
16 -1 .1 5 8 9 -0 .1 7 2 5
2 28 -0 .2 0 3 7 -0 .0 3 7 4
3 -34 0 .0365 -0 .0 4 1 9
4 -17 0.0653 -0 .0 2 4 0
5 11 0.0857 -0 .0 1 7 6
n . n . 4
1
(6 = 5 1 .7 ° )
12 - 1.2022 -0 .1 1 5 5
2 20 -0 .2 0 4 4 -0 .0 2 5 9
3 -42 0 .0288 -0 .0 3 3 3
4 -18 0 .0559 -0 .0 1 6 8
5 -11 0 .0784 -0 .0 1 1 9
o r i e n t a t i o n  a r e  shown in  F ig u re  7 .1 . These d iag ra m s  a id e d c o n s i d e r -
a b ly in  d i s t i n g u i s h i n g th e  d i f f e r e n t  p a i r s  a s  t h e  number o f a l lo w e d
t r a n s i t i o n s  a t  a c e r t a i n  Dg v a lu e  was e a s i l y  s e e n ,  t o g e t h e r  w i th
th e  e f f e c t  o f  a change in  t e m p e r a tu r e  and f re q u e n c y  on t h e  m ag n e t ic  
f i e l d  f o r  r e s o n a n c e ,  g iv e n  t h e  changes  in  Dg e x p e c te d  in  Tab le  7 .3 .
7.3 Assignment of lines to different pairs
I n d i v i d u a l  i n t e n s i t y - t e m p e r a t u r e  c u rv e s  ( F ig u r e s  6 . 4 ,  8 . 3  and 
8 . 6 ) were d i v id e d  by one a n o th e r  f o l l o w in g  t h e  method d e s c r i b e d  in  
S e c t io n  4 . 2 . 3 .  For each  two c u rv e s  d i v i d e d ,  t h e  e n e rg y  s e p a r a t i o n
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between the sub-levels from which the two transitions originated and 
the standard deviation in this separation were calculated. It was 
noted whether the plot of ln(lg/I^} against (1/T) was a straight
line or a curve. These results are summarised in Table 7.5.
It was seen from these results that all separations which could 
be measured with reasonable accuracy were < 43 cm-1 which implied 
that exchange constants for the dilute system Fe3+/Al203 were small. 
This is in agreement with the neutron scattering work on the Fe2Ü3 
system by Samuelsen and Shirane (1970) (Table 2.6), but in contrast 
to the results of Garifullina et dl (1970) for the first n.n. pair 
in Fe3+/Al203 (Table 2.6).
7.3.1 On axis pairs
A study of Table 7.5 revealed that 301 was the transition of 
lowest energy, with 1647 close to it and all other transitions much 
higher in energy. The In temperature curves for these two lines 
are similar (Figure 6.5) and both had "reverse slope" (Table 6.3).
When these two curves were divided, a straight line resulted and 
yielded a separation of 7.4(0.9) cm-1 . Despite this large energy 
separation, these two transitions were assigned to the same spin 
state of the same pair due to the similarity of the two curves.
These two lines remained when the sample was spun about the C3 axis 
and are thus from one of the on axis pairs. Other lines from the 
same pair were found by noting whether curves or straight lines were 
obtained when the intensity-temperature curves were divided by one 
another. This gave the 605, 2860, 4245, 8052 and 9779 lines to 
belong to the same pair as 1647 and 301 , which, from the 
separations (Figure 7.2) was assigned to be a ferromagnetic pair.
There were a large number of on axis pair lines which gave curves
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T ab le  7 . 5 .  Results obtained from In of the ratio of the 
intensity-temperature curves (++ means good 
straight line, -- means not a straight line) 
(Section 7.3). The numbers quoted give the 
energy separations of the two sub-levels from 
which the transitions occur. They give the 
energy of a level, referred to in the set 
across the page, below that in the set down 
the page.
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Figure 7.2. Energies of the on axis and off axis pairs. Relative 
energies within a given pair, only, are shown.
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with 301 and 1647 when In Ic/I was plotted against (1/T) .b K
These lines did however give straight lines when divided by one 
another. Within this set, the line which was lowest in energy was 
1960 . When the In of the intensity of this line, relative to the 
intensity of the 1242 isolated ion line was plotted against (1/T) , 
a line with a small positive slope resulted. The lines 3940, 2139 
and 5142 showed similar behaviour and were assigned to the same 
spin state of the same pair as 1960 . Other lines belonging to this 
pair but from different spin states are 1737, 2275, 2680, 2957,
4075, 4365, 4447, 7735 and 9147. The energy separation between these 
lines are given in Figure 7.2 and it is seen that the various 
transitions are closer in energy than those from the ferromagnetic 
pair. These lines were assigned to an antiferromagnetic on axis 
pair.
There were two on axis lines which gave curves when their 
intensities were divided by other lines in the spectrum and plotted 
against (1/T) ; but straight lines when divided by each other.
These lines were the 3782 and 8403 . They remain unassigned.
Both lines are of relatively low intensity and may be impurities or 
triples.
7.3.2 Off axis pairs
The results in Table 7.5 showed that 1875 was the off axis 
transition which was lowest in energy. There was another off axis 
transition, 8761 , which from the In temperature curves and In 
divided temperature curves was found to be the lowest energy 
transition of a different off axis pair. Other lines which belong to 
the same off axis pairs as 1875 are 2575, 4607 and 5685 while 
those belonging to the same off axis pair as 8761 are 3675 and
107
5977 . A third pair is expected but the ground state of this pair 
could not be identified. The intensities of the off axis pair lines 
were not as accurate as those for the on axis pairs as experiments 
were not performed along the fine structure axes of these pairs. The 
sign of the exchange coupling constants could not be determined for 
all the off axis pairs. The energy level diagram for these pairs is 
shown in Figure 7.2.
7.4 Summary
Theoretical calculations of the fine structure parameters were 
performed for both the on and off axis pairs.
Due to the different interionic distances for n.n.l and 
n.n.n.l , the dipolar contributions for these two pairs are very 
different. This in turn gives rise to different values of Dg for
each of the spin states of these two pairs and hence offers the only 
means of distinguishing these two on axis pairs, From these 
theoretical Dg values, the fields for resonance of the transitions
were predicted. Plots of the variation of the fields for resonance 
with Dg for the different spin states were drawn up. These aided 
considerably in assigning transitions to spin states and calculating 
D (Chapter 8).
O
The on axis lines in the spectrum were divided into the two pairs 
by dividing the intensities of the transitions and plotting In of 
the ratio of the intensities against (1/T) . If the transitions were 
from the same pair, then a straight line resulted while transitions 
from different pairs gave curves. One on axis pair was antiferro­
magnetic and the other ferromagnetic. The off axis transitions could
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not be divided into pairs as easily. Transitions near the ground 
state of two of these pairs were identified.
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CHAPTER 8
ASSIGNMENT AND DISCUSSION
In the preceding chapters, the transitions were assigned to 
pairs and the energies of the levels, from which these transitions 
originated, above the ground state of the pair to which they belonged, 
was calculated.
In this chapter the observed transitions within both the 
ferromagnetic and anti ferromagnetic sets are assigned to spin states 
and the anisotropic exchange parameters calculated. The values 5f 
these parameters allowed assignment of the ferromagnetic set to 
n.n.n.l and the anti ferromagnetic set to n.n.l . For n.n.n.l j the 
dipolar contributions were close to those predicted assuming hematite 
or corundum interatomic distances but not as good for n.n.l. With 
transitions assigned to sub-levels within the different spin manifolds, 
the Zeeman correction factors were calculated and applied to each of 
the intensity-temperature curves. This in turn led to the calculation 
of the isotropic exchange constants for the two pairs. Biquadratic 
exchange was not found to be significant for either the n.n.l pair or for 
n.n.n.l . The exchange constants for both on axis pairs are small, 
which is in agreement with the neutron scattering work on a - Fe2Ü3
as well as theoretical predictions.
no
8.1 Ferromagnetic on a x is  pair
In S e c t io n  7 . 3 . 1  t h e  t r a n s i t i o n s  a s s ig n e d  t o  t h i s  p a i r  were 
301 , 605 , 1647 , 2860 , 4 2 4 5 , .8 0 5 2  and 9779 . The r e l a t i v e  e n e r g i e s  o f  
t h e  s u b - l e v e l s  from which t h e s e  t r a n s i t i o n s  o c c u r  a r e  shown in  F ig u re
8 . 1 ,  t o g e t h e r  w i th  t h e  v a r i a t i o n  o f  t h e  f i e l d s  f o r  r e s o n a n c e  w ith  
t e m p e r a t u r e  and n a t u r e  o f  t h e  extremum a t  t h e  x f i n e  s t r u c t u r e  
a x i s .  From t h e s e  s e p a r a t i o n s  and a com parison  o f  t h e  i n t e n s i t y -  
t e m p e r a t u r e  c u rv e s  ( F ig u r e  8 .3 )  w i th  t h e o r e t i c a l  c u r v e s ,  301 and
16 47 were a s s ig n e d  t o  S = 5 , 42 45 t o  S = 4 , 2860 t o  S = 3 ,
605 t o  S = 2 and 8052 t o  S = 1 (F ig u r e  8 . 1 ) .  The s e p a r a t i o n s  
be tw een  t h e  d i f f e r e n t  s p in  s t a t e s  gave J  ^  - 2 . 5  cm.-1 . A c c u ra te  J  
and j v a lu e s  were c a l c u l a t e d  a f t e r  t h e  Zeeman c o r r e c t i o n s  had  been 
a p p l i e d  ( s e e  b e lo w ) .
8 .1 .1  E x p e r im e n ta l  d e t e r m i n a t i o n  o f  t h e  v a lu e s  f o r  th e
f e r r o m a g n e t i c  on a x i s  p a i r  and com parison  w i th  t h e o r e t i c a l  
c a l c u l a t i o n s
Most o f  t h e  f e r r o m a g n e t i c  on axis l i n e s  move c o n s id e r a b l y  w ith  
t e m p e r a tu r e  e x c e p t  2860 . T h is  i s  as  e x p e c te d  f o r  S = 3 l i n e s  
( S e c t i o n  7 . 1 . 2 ) .  The r e s o n a n c e  f i e l d s  were compared w i th  th o s e  
p r e d i c t e d  f o r  d i f f e r e n t  S s t a t e s  (F ig u r e  7 .1 )  o f  b o th  n . n . l  and 
n . n . n . l  and found  t o  be in  ag reem en t  w i th  t h o s e  p r e d i c t e d  f o r  
n . n . n . l  . The v a lu e s  o f  Dg c a l c u l a t e d  (Appendix  1) from  t h e  re so n a n c e
f i e l d s  a r e  g iv en  in  T ab le  8 . 1 ,  t o g e t h e r  w i th  t h e  p r e d i c t e d  f i e l d s  f o r  
a l l  t h e  t r a n s i t i o n s ,  i n c l u d i n g  t h o s e  n o t  o b s e rv e d .  A d iag ram  o f  t h e  
e n e rg y  s u b - l e v e l s  a t  d i f f e r e n t  m a g n e t ic  f i e l d s  i s  g iv e n  in  F ig u re
8 . 2 .  A l a r g e  number o f  t r a n s i t i o n s  c o u ld  n o t  be  r e s o l v e d  a s  th e y  
were o b s c u re d  by one o f  t h e  t h r e e  i s o l a t e d  io n  t r a n s i t i o n s  in  t h e
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Figure 8.1. The relative energies of the levels of the ferromagnetic 
on axis pair, together with separations from the ground 
state (from ln (I') vs. (1/T) graphs), movement of lines 
with increasing temperature and with orientation. The 
spin state assignments are also shown.
Line
position1 2 Energy' AW3
AH4 Max. or 
Mm.
s - 1 —  8052 36 (2) 13(10) + 86 max.
c - o I 605 31.7(0.8) 24(3) -108 min.*- 1 9779 30 (1) 11(7) - -
S ~ 3 --  2860 25 (1) 0(7) +7 min.
S = 4 4245 10 (5) 0(7) +50 min.
S = 5-
i
1647
301
0 -12(6) +36 min.
-7.4(0.9) -13(3) +53 min.
1 See Section 6.2.1.
2 Energy w.r.t. 1647 in cm._i
3 Energy from the ground state in cm.-1 obtained from Section 6.2.3.
4 See Section 6.2.1. In Gauss.
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Table 8=1, Experimentally determined values of Dg and fields for
the first n.n.n. pair, for each of the spin states 
observed (temperature = 50 K ).
state
Calculated 
parameter 
(cm-1)
Calculated
field
(gauss)
Max/
min
Experimental 
field 
(gauss)
Max/
min
1 D]_=-l. 573 8052. max 8052. max
2 D2=-0.275 605 min 605 min
2561 max - -
7548 max * -
3 D3=-0.0440 2227 min - -
2514 min - -
2860 min 2860 min
3281 min * -
3806 min - -
4494 max - • -
4 D4= 0.025 2412 min - -
2589 min - -
2789 min - -
3012 min * -
3283 max -
3547 max * -
3872 max - -
4245 max 4245 -
5 D5= 0.0436 312 max 301 -
a-F= 0.0013 1637 min 1647 min
|a|= 0.001 1747 max - -
1870 min - -
2130 min - -
2423 min - -
2747 min - -
3110 min A -
3512 min A -
4029 max - -
4583 min - -
5790 max - -
* Line obscured by one of the isolated iron transitions.
Not observed.
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Figure 8.2. Variation of^the energy of the sub-levels for each of 
i.he spin manifolds of the first n.n.n. pair. The 
transitions observed at a frequency of 9.065 GHz 
are marked (H C 3)
Magnetic field (kf>)
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perpendicular orientation. The intensities of all the observed 
transitions were in general small compared to the intensities of 
lines within the antiferromagnetic set. The movement of 8052 with 
temperature was consistent with the assignment to S = 1 and Dj_ 
was calculated at both 50 K (-1.573 cm-1) and 296 K (-1.549 cm-1). 
For the S = 2 spin state, only one of the three allowed transitions 
was observed and thus only one fine structure parameter, D2 , could 
be calculated. D2 at 50 K was -0.275 cm-1 and -0.264 cm-1 at 
296 K , the variation between these two values being that predicted 
(Section 7.1.2). The other two transitions were obscured by the 
isolated ion transitions at 3257 and 7170 G . Only one transition 
was resolved for each of the spin states 3 and 4 , and again only 
one fine structure parameter, D<_, , could be calculated. These
values are shown in Table 8.1, together with the other predicted 
fields for resonance. Some transitions were obscured by the isolated 
ion lines while others may be transitions (Table 6.3) whose intensity- 
temperature behaviour could not be accurately measured over a large 
temperature range (2227, 2514, 3806, and 2418). This leaves a number 
of transitions still unaccounted for. These transitions (4494, 2589, 
2789 and 3872) are expected at fields close to those where very 
intense antiferromagnetic lines were observed and so may be unresolved 
due to superposition of more intense lines from this pair. The 
variation of the field for resonance of the 4245 transition was as 
expected due to the variation of the single ion Dc value with
temperature. Two transitions were resolved for S = 5 , one of which 
was a reverse frequency line (301) and this, together with the line 
at 1647 gave D5 = 0.0436 cm-1 . The energy of the sub-level, from 
which the transition 9779 originated, implied it was an S = 2
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transition, but the field was in conflict with that of the other 
assigned S = 2 transition. Therefore it is tentatively assigned to 
an inter-spin state transition.
From these values of D (Table 8.1) D was calculated
O  £ j
(equation 3.41) and the results are shown in Table 8.2. The values 
of D are all close to that expected from the dipolar interaction
alone between the two atoms of the pair. This implies that the point 
dipole approximation is reasonable at this separation (385 pm) and 
that D  ^ is no"t: significant.
Table 8.2. Values of calculated from found by fitting
experimental line positions 
n.n.l (values of D are in
at 50 K and 296 K for 
cm-1).
Spin state 50 K 296 K
Ds V Ds V
1 -1.573 -0.0427 -1.549 -0.0427
2 -0.275 -0.0379 -0.264 -0.0341
3 -0.0440 -0.0232 -0.0451 -0.0237
4 0.025 -0.0225 0.024 -0.0224
5 0.0436 -0.0392 0.0436 -0.0373
* Calculated using the values:
= 0.17171 at 50 K
= 0.16799 at 296 K ,
and should be compared with the values:
D, = -0.0304 for a d - AI2O3
= -0.0273 for a - Fe203 .
(Sections 3.4.1 and 7.1).
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8.1.2 Calculation of J and j for the ferromagnetic on axis pair
All observed transitions (except 9779) have been identified 
within their spin manifolds and the sign of D was assumed to be 
that predicted which was in agreement with the movement of lines with 
temperature. This allowed the Zeeman correction factors (Section 
4.1.1) to be calculated. Each of the intensity-temperature curves 
from this pair were Zeeman corrected and re-divided, giving the 
separations of Table 8.3. The average separations (Table 8.4) 
between each of the spin states were found from the results of Table
8.3 neglecting the 4245 line because of the large errors involved
and 301 because of its large separation from 1647 . The 
separations which were used to calculate J and j were A53 , A32 
and A2i . If only J is significant, then gA53 , -^A32 and
|A21 should all be equal (Section 3.2). The separations of Table
8.4 are equal, within experimental error. An average of the above 
separations gave J = -2.5 cm.-1 and j = 0 (-0.04 < j < 0.09 cm.-1) .
Table 8.3. Results of dividing the separate intensity-temperature 
curves for the first n.n.n. on axis pair after the 
Zeeman corrections had been applied. Separations are in 
cm-1 and standard deviations are given in parentheses.
301 605 1647 2860 4245 8052
301 0 -42.0(0.7) -8.5(0 .9) -35 (1) -8(6) -45 (3)
605 42.0(0.7) 0 30.3(0 .8) 7.0(0.6) +36(5) -6 (2)
1647 8.5(0.9) -30.3(0.8) 0 -24 (1) 13(5) -35 (2)
2860 35 (1) -7.0(0.6) 24 (1) 0 17(3) -13 (3)
4245 8 (6) -36 (5) -13 (5) -17 (3) 0 -54(10)
8052 45 (3) 6 (2) 35 (2) 13 (3) 54(10) 0
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T ab le  8 .4 .  E x p e r im e n ta l  s e p a r a t i o n s  from  which J  and j  were
c a l c u l a t e d ,  t o g e t h e r  w i th  t h e  c a l c u l a t e d  v a lu e s  f o r  each  
o f  t h e s e  s e p a r a t i o n s  r e s u l t i n g  from  J  and j . 
S e p a r a t i o n s  and t h e  p a ra m e te r s  J  and j a r e  in  cm-1 .
Energy  l e v e l s  
(S ,  S - l ) S e p a r a t io n / S
E x p e r im e n ta l  E x p e r im e n ta l  
s e p a r a t i o n / S  s e p a r a t i o n
F i t t e d  s e p a r a t i o n  
( J = - 2 .5
j= o)
5 ,3 J -  3 . 5 j 2 . 6 ( 0 . 2 ) 24 (2 ) 22 .5
3 ,2 J+ 8 . 5 j 2 . 3 ( 0 . 1 ) 6 . 8 ( 0 . 4 ) 7 .5
2 ,1 J+ 1 3 . 5 j 2 . 5 ( 0 . 6 ) 5 (1 ) 5 .0
I t  was th e n  seen  i f  each  o f  t h e  Zeeman c o r r e c t e d  i n t e n s i t y -  
t e m p e r a tu r e  c u rv e s  f o r  t h e  o b s e rv e d  t r a n s i t i o n s  were f i t t e d  by t h e s e  
i s o t r o p i c  exchange  c o n s t a n t s .  In  each  c a se  t h e  agreem ent was 
s a t i s f a c t o r y .  The p a r a m e te r s  were th e n  v a r i e d  by SIMPLX ( S e c t io n  
4 . 2 . 1 )  t o  s e e  i f  a b e t t e r  f i t  c o u ld  be  found . The f i t t e d  J  which 
r e s u l t e d  a r e  g iv e n  in  T ab le  8 .5  and F ig u re  8 . 3 ,  and were th e n  
a v e ra g e d ,  g iv in g  a f i n a l  J  v a lu e  o f  - 2 .3  ( 0 .7  ) c m . . I t  was 
n o te d  t h a t  w i th  t h i s  J  v a l u e ,  i n t e r - s p i n  s t a t e  t r a n s i t i o n s  were 
p o s s i b l e  a t  h ig h  m a g n e t ic  f i e l d s  (> 9000 G) .
T ab le  8 .5 .  The v a lu e s  o f  J  o b t a i n e d  by f i t t i n g  t h e  i n d i v i d u a l  Z ee-  
man c o r r e c t e d  i n t e n s i t y - t e m p e r a t u r e  c u rv e s .
T r a n s i t i o n ___________________ Spin  s t a t e ___________________ F i t t e d  J  (cm- 1 )
8 0 5 2 1 - 2 . 3
6 0 5 2 - 1 . 5
2 8 6 0 3 - 1 . 4
4 2 4 5 4
C
O
CM1
1 6 4 7 5
i—1
C
O1
3 0 1 5 - 3 . 0
A v e ra g e :
J  = - 2 . 3 ( 0 . 7 )  cm"1
- 0 .0 4  < j < 0 .09  cm-1 (from  T ab le  8 .4 )
In
te
ns
it
y
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Figure 8.3. Results of fitting the Zeeman corrected intensity- 
temperature curves to the experimental points 
(relative to the single ion line) for the transitions 
assigned to the first n.n.n. pair.
Inter spin 
state
transition
S=1
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.0020 ~
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•
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0
50 100 150
Temperature (K)
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8.2 Anti ferromagnetic on axis pair
The transitions assigned (Section 7.3) to this on axis pair and 
their relative energies are shown in Figure 8.4. From the movement 
of the lines with temperature, the transitions from levels lowest 
in energy, 2139, 3940, 5142 and 1960 , were assigned to S = 3 .
The separation between this set of transitions and the next implied 
that J was small, and of the order of 1 to 2 cm" 1 . This value 
of J was found to fit the intensity-temperature curves of each of 
the transitions assigned to S = 3 . The transitions next highest in 
energy, 4447, 2680, 1737 and 7735 were assigned to S = 4 from a 
comparison of their intensity-temperature curves with theoretical 
curves for J = 1 - 2 cm”1 . Similarly 2275, 4075 and 2957 were 
assigned to S = 5 .
8.2.1 Experimental determination of the values for the anti­
ferromagnetic on axis pair and comparison with theoretical 
calculations.
A comparison of the experimental resonance fields for a range of 
Dq (Figure 7.1) gave D3 ^ 0.06 cm.-1 . As the low field lines moved
to higher fields as the temperature increased to 296 K , and the high 
lines moved to a lower field, |D3| decreased as the temperature 
increased. This was consistent with the predicted variation (Table 
7.3) and the sign of D3 was taken to be that calculated; that is 
negative. Using this value of D3 as a starting point, the 
resonance fields were then fitted to the Hamiltonian by the SIMPLX 
method (Appendix 1). This gave D3 = -0.0673 cm.-1 and transitions 
at the fields of Table 8.6. The fine structure parameters connected 
with fourth power spin operators {a^ and (a^-F^)} were required
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Figure 8.4. The relative energies of the sub-levels from which the 
transitions of the antiferromagnetic on axis pair 
originate, together with the separations from the grounc 
state (from ln I’vs. (1/T) graphs), movement of the 
lines with temperature and orientation. The spin state 
assignments are also shown.
Line „ i
position1 ner^ AW1 AH1
Max. or 
min.
2957 26 (3)
4075 17.6(0.2)
2275 14.0(0.2)
0 max.
9 (3) +24
7 (2) -4 max.
7735 9.7(0.4) 2 (2) +96 max.
1737 8.2(0.1) 4 (1) -18 min.
2680 7.9(0.2) 4 (1) -15 min.
4447 5.5(0.2) 0.2(0.2) +27 min.
2139 3.8(0.1) -3.1(0.1) -3 min.
9147 3.6(0.8) -10 (1) -52 min.
3940 2.0(0.1) -6 (1) 0 max.
5142 2 (1) 0 (17) +7 max.
1960 0 -7 (3) -8 min.
uncertain due to large error.1 As for Figure 8.1, t
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to fit all the transition fields (to within 60 G ) but the sixth 
power terms required for S = 3 were not included. A diagram 
showing the energy variation of the M sub-levels with magnetic 
field and the location of the allowed transitions within the spin 
manifold is given in Figure 8.5.
For the S = 4 transitions there are two possible values of 
D4 . One was D4 ^ 0.10 cm.-1 , which gave transitions at 7600,
4300, 2500, 1850, 1500 and 1200 G , which was in agreement with the 
positions of the four transitions. However, at this value for D4 , 
the transitions at 4300 and 2500 G are expected to be maxima w.r.t. 
changes in crystal orientation (about the x fine structure axis), 
which is not in agreement with the experimental results. The other 
possible value of D4 was ^0.055 cm.-1 which gave transitions at 
1500, 1800, 2300, 2700, 3100, 3750, 4450 and 5600 . This value of 
D4 gave the expected behaviour of extrema for all of the lines. The 
observed S = 4 lines were among the strongest in the spectrum and 
the absence of lines at the predicted resonance fields (2000, 2300 
and 9750) could not be explained. The other feature which could not 
be explained with this choice of D4 was the presence of a line at 
7735 G with the same intensity-temperature behaviour as 1737, 2680 
and 4447 . For these reasons, D4 was chosen to be 0.10 cm.-1 in 
spite of the fact that the extrema for 2680 and 4447 were not as 
predicted. The value of D4 obtained by fitting the resonance fields 
was -0.09661 cm.-1 . The temperature dependence of line positions 
gave that |d 4 | decreased as the temperature increased. This is 
what would be expected if D4 were positive, given that the change 
is due only to a change in the single ion value. Perhaps this
temperature dependence is due to other terms such as those connecting
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F i g u r e  8 . 5 .  V a r i a t i b n  o f  t h e  e n e r g y  o f  t h e  M s u b - l e v e l s  f o r  e a ch  
o f  t h e  s p i n  m a n i f o l d s  o f  t h e  f i r s t  n . n .  p a i r ,  
c a l c u l a t e d  f ro m  e x p e r i m e n t a l l y  d e t e r m i n e d  f i n e  s t r u c t u r e  
p a r a m e t e r s .  The t r a n s i t i o n s  a l l o w e d  a t  a  f r e q u e n c y  
o f  9 .0 6 5  GHz a r e  shown ( H J_  C 3 )  .
2 . 0-
0 -
- 2 . 0-
S=1
- 2 . 0-
S = 2
E i n  
cm "1
- 4 . 0 -
- 4 . 0 -
M a g n e t i c  f i e l d
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Table 8.6. Experimentally determined values of Dg and fields for
the first n.n. pair for each of the spin states 
observed (temperature = 50 K).
Spin state
Calculated 
parameter 
(cm- 1)
Calculated
field
(gauss)
Max/
min
Experimental
field
(gauss)
Max/
min
t  878 max A -
D3= - 0 .06 7 3 1903 min 1960 min
a= 0 .0 1 4 2195 min 2139 min
F)= 0 .0 0 4 8 2583 min - -
3194 min A -
3981 max 3940 max
l 5137 max 5142 max
r 497 max - -
D4 = - 0 .0 9 6 6 1029 min A -
a= 0 .0 0 0 0 1 1434 min A -
F ) = - 0 .0 1 1 1  i 1687 min 1794 min
2645 max 2680 min
4436 max 4447 min
1.7723 max 7735 max
D5= - 0 .0 2 2 4 '2307 min 2275 max
a= 0 .0 0 3 7 2474 min - -■—I 
0
 
0
 
0011/•—- 
Uh 2614 min - -
2799 min - -
3012 min 2957 max
3233 max A -
3469 max A -
3748 max - -
4095 max 4075 -
1.4383 max 4365 -
Obscured by one of the isolated ion transitions.
different S states or higher power terms in the spin operators 
which have been neglected. In this particular case, the dipolar and 
single ion contributions approximately cancel and other terms would 
be more significant than for other spin states. Thus the sign of D4 
is taken to be negative as predicted by the theoretical calculations 
(Section 7.1.2).
The highest field S = 5 transition observed was either 4075 
or 4365 . The intensity of the latter could not be measured 
accurately but was not present at 4.2 K . If the highest field 
transition is 4365 , then for S = 5 , transitions are predicted at
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fields ranging from 2400 to 4350 G at ^200 to 300 G intervals 
(D5 ^ 0.02 cm.-1) . At this value for D5 , there are a large number 
of transitions (six) not observed, only three of which are obscured 
by the isolated ion lines at 3257 G . The others may be lines whose 
intensity-temperature dependence could not be measured. The positions 
of the observed transitions were fitted (Appendix 1), giving 
D5 = 0.0224 cm.-1 (sign from the temperature dependence of the line 
positions). A diagram of the spin manifold is given in Figure 8.5 
and the predicted and calculated field positions in Table 8.6.
Values of calculated for the spin states 3, 4 and 5 are
shown in Table 8.7. It is seen that these values vary from those 
predicted due to the dipolar interaction (Table 7.1) and do not vary 
in a consistent manner with spin state so D for the spin states 1
lb
and 2 could not be predicted. However, the value of Di was 
expected to be > 1 cm."1 so only one transition was predicted for 
this spin state. This transition may have been obscured by the 
isolated ion transition, or be at a magnetic field too great for it 
to be observed. It was possible that S = 2 transitions were 
obscured by the single ion lines.
The energy of the sub-level, from which 9147 originated, 
implied that it was an S = 3 transition but neither the field nor 
the variation of the field with temperature were consistent with this 
assignment. It was assigned to an inter spin state transition but as 
the sub-levels associated with it were unknown, the assignment remains
only tentative.
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Table 8.7. 
Spin state
Values of D calculated from D found by fitting
experimental line positions at 50 K and 296 K for 
n.n.l (values of D are in cm-1).
50 K 296 K
Ds V Ds V
3 -0.0673 -0.0380 -0.0665 -0.0377
4 -0.0966 -0.136 -0.0936 -0.132
5 0.0224 -0.0648 0.0216 -0.0637
* Calculated using the values:
D = 0.17171 at c 50 K
= 0.16799 at 296 K
and should be compared with the values:
D, = -0.0934 for a - d AI2 O 3
= -0.0720 for a - Fe203.
(Sections 3.4.1 and 7.1.)
8.2.2 Calculation of the isotropic exchange constants for the 
antiferromagnetic on axis pair.
The transitions observed for the antiferromagnetic on axis pair 
have been assigned to spin states and, as well, to M sub-states 
within each S manifold. From these results, the Zeeman correction 
factors were calculated and applied to each of the intensity- 
temperature curves of this pair. The curves were then re-divided 
(Section 4.2.3), giving the separations of Table 8.8. This gave the 
average separation between the spin 3 and spin 4 states to be 
5(2) cm-1 and between spin states 4 and 5 to be 8(2) cm-1 
(neglecting 2957 and 4365) . These separation/S 
(1.3(0.5) cm-1 for ^A43 and 1.6(0.4) cm-1 for 7A54) are 
approximately equal and the limits for j are 0.1 cm-1 and
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Table 8.8. Results of dividing the separate intensity-temperature 
curves for the first n.n. on axis pair after the Zeeman 
corrections had been applied. Separations are in cm-1 
and standard deviations are given in parentheses.
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-0.06 cm-1 . Better values of J and j were obtained by fitting 
the individual intensity-temperature curves. The results of these 
fits are given in Table 8.9 and are shown in Figure 8.6. Averaging 
these results gives J = 1.4(0.3) cm-1 . It was noted that only 
1960 required j to fit the intensity-temperature curve, and j in 
this case was negative.
Table 8.9. The values of J and j obtained by fitting the
individual Zeeman corrected intensity-temperature curves 
for n .n .1 .
Transition_____Spin state_____Fitted J (cm-1)_____Fitted j (cm"1)
1960 3 1.5 i o CD
2139 3 1.2 -
3940 3 1.3 -
5142 3 1.6 -
1737 4 1.9 -
2680 4 1.3 -
4447 4 0.9 -
7735 4 i—1CM -
2275 5 1.2 -
2957 5 1.4 -
4075 5 1.4 -
4365 5 1.5 -
Average: J = 1.4(0.3) cm"1
-0.05 < j < 0.1 cm"1
8.3 Off axis pairs
When the sample was spun about the crystal triad axis, there 
were lines that were not altered (on axis pair lines) and lines that 
disappeared (off axis pair lines). In addition, there was one line 
which broadened considerably. This was the 5685 line and was thus 
assigned to S = 5 of n.n.2 . As well, there was one transition, 
4607 which remained (slightly broadened) when the sample was spun 
about an axis ^5° from the triad axis. This transition was assigned
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Figure 8.6. Results' of fitting the Zeeman corrected intensity-
temperature curves to the experimental points (relative 
to the single ion line) for the transitions assigned to 
the first n.n. pair.
Inter-spin 
State transition
.0 0 8-
.007-
. 006_
. 00 3-
2275173719 60
26802139
44473940
436577355142
.014-
.010-
Temperature (k )
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to either S = 5  or S = 4  of n.n.2 . These two assignments imply 
that the exchange coupling is ferromagnetic for n.n.2 due to the 
relative energies of the sub-levels from which these transitions 
originate (found from divided curves - Table 7.5).
Both these assignments are only tentative and further analysis 
was not performed.
8.4 Comparison of intensities of transitions with those predicted by 
statistics
When either one or two (Section 2.3) of the next nearest 
neighbours were included in the calculation of probabilities of pairs, 
the relative concentrations of first n.n. pairs and first n.n.n. 
pairs were equal. Experimentally, the transitions from the first n.n. 
pair were of lower intensity than those from the first n.n.n. pair, 
but both were approximately those expected for these pairs. For the 
antiferromagnetic first n.n. pair, the ratio of the intensities of 
the pair lines to the intensity of the 3257 single ion line varied 
from 0.005 to 0.02 (Section 6.2.4) compared with a theoretical 
value of 0.01 . After allowance had been made for the Boltzmann 
population of the spin state and the transition probability (Section 
3.3.1), the calculated ratios varied from 0.0028 to 0.0056.
For the ferromagnetic on axis pair, the experimental ratio 
was 0.000084, compared with a theoretical ratio of 0.0033 (after 
transition probabilities and Boltzmann population of the spin state 
had been taken into account). None of these terms give the first 
n.n. and first n.n.n. pair significantly different intensities.
The observed difference in the intensities may be due to differences 
in spin lattice relaxation.
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8.5 Summary and discussion
Most of the lines in the spectrum were transitions from on axis 
pairs. This is probably due to the fact that the spectrum was 
studied with the magnetic field along one of their fine structure 
axes. The transition probability is greater when the magnetic field 
is aligned along one of these directions than in a general orientation.
For both the on axis pairs , the exchange constants were measured 
and the first n.n. had antiferromagnetic coupling (Ji = 1.4(0.3) 
cm-1 and -0.05 < ji < 0.1 cm-1), while the first n.n.n. pair had 
ferromagnetic coupling (J5 = -2.3(0.7) cm-1 and -0.04 < j5 < 0.09 
cm-1). From the neutron scattering work of Samuelsen and Shirane 
(1970), the first n.n. pair was found to have ferromagnetic 
coupling (Ji = -4.2(1.1) cm-1) and the first n.n.n. pair anti­
ferromagnetic coupling (J5 = 0.7(0.7) cm-1). Both the relative 
magnitudes and the signs of the interactions have been changed in 
going from the pure magnetic material to the dilute material.
Changes in the exchange constants between these two systems are 
expected due to variations in the interionic distances, bond angles, 
radial d wave functions and the cation-anion-cation angles (Section 
2.4). As the exchange constants for Fe2Ü3 are small, a small change 
in the constants could easily alter the sign of the interaction.
The value of J for the first n.n. pair found by Garifullina 
et al (1970) (250 ± 50 cm-1) is in conflict with the results found 
here as well as those of the neutron scattering study (Samuelsen and 
Shirane 1970). Garifullina et at (1970) performed the experiments at 
temperatures ranging from 293 K to 473 K and as the isolated ion 
lines are moving at these temperatures, erroneous intensities, and so 
exchange constants, may be expected.
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The exchange constant for the first n.n.n. pair was small 
as predicted by Goodenough (1963) as direct cation-cation exchange 
would be negligible because of the large distance between the two 
ions (385 pm) and cation-anion-anion-cation exchange is expected to be 
small because of the greater number of non-magnetic atoms involved in 
the interaction. The value of J was also predicted to be small for 
the first n.n. pair. Firstly, the metal-oxygen-metal angle (a) 
is ^90° (Table 2.3) thus making cation-anion-cation exchange weak 
despite the half filled d shell (Goodenough 1960). And secondly, 
cation-cation exchange would not give rise to a large exchange constant 
due to the reduced direct overlap of the d orbitals caused by the 
intervening oxygen orbitals. This is despite the close proximity of 
the two magnetic cations (265 pm).
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CHAPTER 9 
CONCLUSION
The EPR spectrum of Fe3 + in corundum has been observed and as 
well as the transitions from isolated Fe3 + ions, there were a large 
number of other transitions of much lower intensity than the single 
ion lines. The EPR spectrum of Fe3 + - Fe3+ pairs in corundum has 
been reported in this thesis and is the most detailed study of this 
system to date. Most of the transitions have been assigned to 
exchange coupled pairs. There are two basic types of pairs in the 
corundum lattice, on and off axis pairs. The interionic vectors for 
the on axis pairs are parallel to the triad axis and so these pairs 
will have trigonal symmetry. For the off axis pairs, the interionic 
vectors are not parallel to any of the symmetry axes and so the fine 
structure axes for these pairs are not parallel to the hexagonal 
axes of the crystal. Due to the different symmetry of these pairs, 
transitions from the on and off axis pairs were distinguished by 
spinning the sample about the triad axis and noting the effect on the 
transitions. Lines from the isolated ion remained as well as lines 
from the on axis pairs. This very useful technique has been seldom 
used.
The temperature dependence of the spectrum was measured and the 
individual intensity temperature curves of different transitions were 
divided by one another. By plotting ln(lg/IR) against reciprocal
temperature, the on axis transitions were divided into two sets and 
the off axis transitions into two sets also. If the two transitions 
whose temperature-intensity curves were divided belonged to the same 
pair, then the plot of ln(lg/IR) against (1/T) was a straight
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line whose slope gave the energy separation between the sub-levels 
from which the transitions occurred. Although this method had been 
used previously to calculate separations (Harris, 1972), it is the 
first time it has been used to distinguish transitions from different 
pairs. If the transitions were from different pairs which had 
different J values, then a curve resulted. This division into the 
separate pairs was aided by the plots of ln(l’) against (1/T)
which gave the energy separation, of the level from which the 
transition occurred, from the ground state. Having assigned the 
transitions to the various spin states, the isotropic exchange constants 
were calculated. A significant biquadratic exchange term was not 
required for the first n.n. pair nor for the first n.n.n. pair.
J was small for both of these pairs (< 3 cm.-1) one (n.n.n.l) 
being ferromagnetic and the other anti-ferromagnetic (n.n.l) .
The anisotropic exchange parameters were measured for both of 
the on axis pairs, the first n.n. and the first n.n.n. , and were 
found to be different. A comparison of experimental anisotropic 
exchange parameters with the theoretical parameters, calculated by 
assuming a point dipole interaction to occur between the two atoms of 
the pair, allowed identification of the separate pairs. The point 
dipole approximation was found to work well for the well separated 
pair whose interionic distance was 385 pm but not as well for the 
axis pair whose separation was 265 pm . At this separation, any 
change in the distribution of electrons in the d orbitals would 
have a significant effect on the results of the calculation. was
found to be different for each of the spin states of this pair from 
which transitions were observed. This had previously been observed 
by Harris (1972) for the Mn2+/Mg0 system. Anisotropic exchange
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(ü i ) WaS ^  ^°r n *n *n *l > but because of the variation of
with spin state for n.n.l , D  ^ could not be calculated.
For the off axis pairs, of which there are three, the theoretical 
angle of the fine structure axes to the triad axis was
theoretically predicted and from this the theoretical fine structure 
parameters calculated. For the second n.n. pair, was found to
O
be small for S = 5 and the transition which broadened during the 
spinning experiment was assigned to this spin state of n.n.2 .
The temperature dependence of the intensity of this transition, and 
another, possibly associated with S = 4 of this same pair, implied 
that the exchange for this pair was ferromagnetic.
The isotropic exchange constants measured in this pair system 
were similar to those measured for the pure magnetic material Fe2C>3 
by neutron scattering experiments (Samuelsen and Shirane 1970). The 
on axis first n.n. pair has only a small exchange constant 
{Ji = 1.4(0.3) cm-1, -0.05 < ji < 0.1 cm-1} in spite of the proximity 
of the atoms forming the pair, while the first n.n.n. is expected 
to have a small coupling as the atoms are relatively distant and 
separated by two oxygens. J5 was found to be -2.3(0.7) cm-1 and 
the limits for j5 were -0.04 and 0.09 cm-1 . The results for 
the first n.n. pair found by Garifullina et al (1970) are in 
conflict with the results reported in this thesis and possible reasons 
for the discrepancy have been given. The size of the first n.n. 
coupling was predicted (Osmond (1962), Iida (1956) and Goodenough 
(I960)) to be small from a study of the metal-oxygen-metal bond angle 
and the absence of direct overlap between the metal orbitals because 
of intervening oxygen orbitals. These results are in contrast to
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those for the other isomorphous system Cr2Ü3. This difference is in 
agreement with the predictions based on the number of d electrons 
in the system.
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APPENDIX 1 
SPIN MATRICES
The Hamiltonian matrix for the spin state S , with magnetic • 
quantum number M = S, S-l, . .., -S , is written in the representation
which makes the operator S diagonal. The eigenvectors are the
high field |m > states. The Hamiltonian for the single ion, with 
S = 5/2 in a trigonal crystal field is:
H  = g3H.S + TpOo +3 z yfl n3 — - aO 9 4
1
180 (a-F)0°4 (1)
and gives the matrix (with g3H^ replaced by Gz and
ii+i
e> G ± iG ) :  x y J
H i
,
2G z+5D T  G- 0
2/5 
3 a 0 0
-i(a-F)
^  G |G +D2 + 2 z / 2  G 0 0 0t(a-F)
0 S 2  G iG z-D 1 G- 0
2/5
- 3 a
-|(a-F)
2/5"
3 a 0 |G 2 + -iG -D 2 z / 2  G 0
-|(a~F)
0 0 0 / 2  G+ -|QZ+D
/5
2 G-
+(a-F)
0 0 2/5" a*” ---  d3 0
/5 p
T G+ -|G +5D 2 z
-i(a-F),
The pair spin states resulting from the coupling of spin 5/2 
to spin 5/2 are 5,4, 3, 2 , 1 , 0 .  Of these states, all but zero 
are paramagnetic. The Hamiltonian for the pair is:
H = geH.S + Id o“ + Fl ao“ - ^  (a-F)0° , (2)
and gives the Hamiltonian matrices for the different spin states to 
be:
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G +^D —- G Ez 3
/ 2  "
—  G - | d —  G
/ 2  + 3 / 2  ‘
E —  G -G +-D
/ 2  + Z  3
H 2 = 2G +2D
- £ < « >
6E
/ 2~
G- -D z
+i ( a - F )  
2 +
J2
/ 6  E —
~  G+
- 2 D - f ( a - F )  ~  G / 5  E
-G -D
4 (- f)
•2G +2D z
f
3G +5D z
- ( a - F )
$ • -
/ n r  e / I Ö  a 0 0 0
2 + 2G + 
2 ( a - F )
/IÖ" „ 
~ G - /3Ö" E 0 0
/ l 5  E
/ I Ö  
~  G+ G. -3D-
f ~ >
/ 3  G 6E
/ 5
-2— a 3 0
/ I Ö  a /3Ö" E / 3  G+ -4D-  
2 ( a - F )
/ 3  G /30* E -/lCT a
0 2 / S  —  a / 5  E / 3  G+ -G -3D-  
i ( a - F )
/ l o  p
~ G-
/ l 5  E
0 0 2/5" I “  a /3Ö- E
/1Ö „
~  + -2G f 
| ( a - F )
0
y.
0 0 - / I Ö  a / l 5 Z -3G +5D z
- ( a - F )
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For the axis pairs which have trigonal symmetry, E is zero and 
to a first approximation, the fourth power terms may be neglected. 
This leaves only the H.S and D terms and algebraic solutions for 
the magnetic field of the transition from |m > to |M—1) have 
been obtained by the use of perturbation theory (Ingram 1967). 
Assuming g to be isotropic, these solutions are, for an angle 6 
to the z axis:
H = H0 D( M“ ) (3cos2 6-1) + D22Hq {4S(Stl)-24M(M-l)-9}sin20cos26
-D2
8Hq {2S(S+l)-6M(M-l)-3}sin40 (3)
where
H0 (4)
For H not parallel to z , the condition that gßH >> D is 
required.
In general, the magnetic fields of the transitions were found 
numerically by setting up the Hamiltonian matrix and then diagonal­
izing this by EIGEN (Section 5.7) to give the energies of the spin 
sub-levels. This was done for magnetic field values ranging from 
zero to 12000 gauss at 100 gauss intervals. The magnetic field 
of the transition from one energy spin sub-level to another was found 
by use of the iterative Newton's method (Handbook of Mathematical 
Functions, 1968). Numerical solution of the Hamiltonian matrix had 
the advantage that the effect of any spin operator on the positions 
of the transitions could easily be found. An example of this is the 
fourth power terms for the pairs, whose magnitude was not estimated in 
the Hamiltonian representation used (Section 3.4). But the effect of 
including these terms could be found. As the eigenvectors of the 
diagonalised matrix were calculated by EIGEN, the probability of each
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of the transitions (Section 3.3.1) could be found by evaluating the 
matrix elements
<^lsJV> (5)
for the magentic field H//z axis and
<^MlszlV> (6)
for H ]_ z axis of the crystal. 4^ and 4*Mt are "the eigenvectors
of the two states between which the transitions occur and S andx
are the spin operators (Section 3.3). The probability of the
transition is proportional to the square of these matrix elements 
(Section 3.3.1).
To calculate the spin Hamiltonian parameters from experimental 
transition fields, the SIMPLX routine (Section 5.7) was used in 
conjunction with the above program. The quantity which was minimized 
was the sum of the squares of the differences between the experimental 
and calculated line positions.
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APPENDIX 2
Properties of a Gaussian line shape
The Gaussian line is given by:
I(x) = — —  exp(-x2/2a2) (1)
/wa
where I(x) is the height or intensity at the point x along the x 
(magnetic field) axis, O is one-half of the line width and A is 
the integrated intensity of the line (i.e. the area under the line). 
Integrating gives:
f° °
I(x).dx = A (2)
J _00
as required. The first and second derivatives, I'(x) and I"(x) 
respectively, are given by:
I’(x) = - —  exp(-x2/2G2) (3)
/2TT Ö 3
and
I"(x) = + —  
/2tT
1
a3-
exp(-x2/2a2) .
If I"(x) = 0 then:
exp(-x2/2a2) = 0
i.e. x = ±°° or
x2/a5 - l/a3 = o
(4)
(5)
i.e. x = ±0 so that the line width (peak-to-peak distance along 
x ) is equal to 2a . Further the peak-to-peak height (h) is 
given by
h = — ---—  exp(-l/2) + —----—  exp(-l/2)
/2TT a2 /2tF a2
2A
a2/2tT
exp(-1/2) . (6)
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Relative integrated intensity of two Gaussian lines
Now
and
hjöi/jFF
2.exp(-1/2)
h2ö2/2¥
Ao - 2 .exp(-1/2)
Therefore:
(7)
(8)
Ai
ÄI
hl-°l
" 12h2 . *72
(9)
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